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FOREWORD

This report wus prepared by Drs. Mars. G, Tontuna ond Roger W,
Staghle of the Depu-tiont of Metallurgical Engineering, The Ohio Stete
University, Columbuvs, Ohio., The priucipal investigator for this project
was Dr, Mars Fontana of the Depariment of Mctallurgical Engincering,
under Contract F33(615)-6%-C-1258., This contract was initinted under
Project No, 7312, "Metal Surface Jevz2rioration and trotection," Task
No, 731202, "Metal Surface Deterioration,” during the period Ducember 15,
1968 through October 31, 1971. Tuils work wus administered by the Advanced
Metallurgical Studies Branch of the Mevals and Ceramics Division, Ailr
Force Materials Taboratory, Wright.latterson Air Force Base, Ohio, under
the direction of Dr, C, T. Lynch cnd the late Dr. H., B. Kirkpstrick
(AFML/LLN) .

The work reported herein cousists of two review papers on the
general proklem of hydrogen entry and embrittlement of steel. VProject
funds supported research of the ¢o-authors of ithese articles, who are
former students in the Department and who are listed below.

1. Dr. Ceorge Kerns, whos: ih,D., dissertation was entitled, "Stress
Corrcsion Cracking in Tafeous and Aqueous Enviromments,”" AL preseut
Dr. Kerns is associated with the i, I. dul’ont de Nemours Coa. bkxperi-
mental Station, Wilminglon, Delaware, He obiuained his Th, D, in
March, 1073,

2. Dr, Ming T. Wang, whose . D, dissertation was entitled,
"Effect of Heat Treatment and Stress Intensity I'nraneters on
Crack Velocity and Fractography of AISI L3h0 and 18 Ni

Maraging Steeis.,” At present Dr. Wang is associated with the
General Electric Campany, Vallecitcr Nuclear Center, leasanton,
Califcornia. He obtained his Ph. D, in June, 1972,

3. Dr, R. Daniel McCrignt. whose Ph. D, dissertation was
entitled, "Electro-Permeation of Hydrogen in Ferritic Struc-
tures." At present, Dr, McCright is ar Adjunct Assistant
Professor in the Department, of Metallurgical kngineering at

The Ohio State University. He obtained his Ph. D. in March, 1971,

This report was suvbmitted by the authors in July, 197h.
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Thie report has been reviewed and cleared for open publication
‘andfcr public‘release by the appropriate Office of Information {(0I) in
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“hez Yational Technical Informstion Service (WTIS).
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STRESS -(CORROSTON CRACKING OF METALLIC MATERIALS

INTRODUCTION

Hydrogen entry into steels and iron-base alloys is frequently
responsible for the loss of useful physical and mechanical properties
of these materials, This report is concerned with the problems of
nydrogen sbsgorption and permeation in steels, and of hydrogen embrittle-
ment and related stress corrosion fallure, particularly in the high-
strength steels, Thlis report is divided into two parts: the first
part is addressed to hydrogen embrittlement and the second to hydrogen
entry. These parts were presented at the International Conference on
Hydrogen Embrittlement and Stress Corrosion Cracking of Iron Base Alloys,
held in Unieux, France, in June, 1973, and will appear in the proceed-
ings of that conference. The proceedings will be published in late
1974, The present report constitutes the third and final volume of
the final report of the project, "Stress Corrosion Cracking of
Materials,"
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PART I - STRESS CORROSION CRACKING AND HYDROGEN EMBRITTLIMENT
IN HIGH-STRENGIH STEELS

G. F, Kerns
M. T. Wang
R. W. Staehle

INTRODUCTION

The purpose of this review is to characterize the siress-corrosion
cracking and hydrogen embrittlement behavior of high- (and ultra-high)
strength steels with regard to both metallurgical and environmental
parameters. Despite the high-strength levels attainable for these
steels, their industrial application is quite limited by susceptibility
to delayed failure. Cracking has been observed in both distilled water
and low-pressure hydrogen gas enviromments (in the absence of chloride
or sulfide additions), as well as in marine atmospheres.

The steels examined in this review include low- and high-alloy
martensitic steels, as well as martensitic and precipitation-hardenable
stainless steels, at strength levels of 150 ksi or greater. Typlcal
compositions are given in Table I. Maraging steels will be reviewed by
I. Dautovich and S. Floreen,

The early studies in the environmental instability of steels were
by A. R. Troianc, as sw marized in the 1959 Campbell Memorisl Lecture.?
Similer delayed failure studies were conducted by Bastein et al.® Later
studies, involving the exposure of smooth, self-stressed specimens to
marine or industrial environments are typified by the work of Phelps and
Liginow.? The later introduction of linear elastic fracture mechanics to
stress-corrosion investigations was initiated by Brown.S Although the
evolution of new testing procedures has permitted more detailed inves-
tigations, the stetic fatigue and stress-corrosion cracking phencmena
for these steels are, in reality, the same. This is substantiated by
effects of strength level, microstructure, and environmental variables.

There are indced other effects observed in hydrogen-containing
enviromments, such as tlistering, micro-fissuring, etc. However, these
processes are not strong functions of material strength level, as is
the stress-corrosion cracking problem. Such additional phenomena will
be treated in detail by M. Smialowski and others, and will not be dis-
cussed in this review.

Stress-corrosion cracking, delayed failure, hydrogen embrittlement,
and sulfide cracking are tren fell to be the result of the same phenome-
non. The environments, per se, are simply believed to alter the effec-
tive hydrogen fugacity, as illustra“ed schematically in Fig. 1.
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Early work by Phelps et al.? has irdicated thal both anodic dis-
solution and cathodic hydrogen embrittlement processes can result in
the ctress-corrosion cracking of high-strenglh steels. However, 1L now
appears reasonable to view both stress-corrosion cracking and hydrogen
embritilement as the same process. This clarification is atiributed to
Brown et al,,” who measured the pl and potential values at the tips of
growing stress-corroslon cracks, finding them to be sufficient for the
production of hydrogen.

The primary goal in stress-corrosion cracking studies is to obtain
reproduclible test results. The use of smooth tensile or bent beam
specimens does not satisfy this requirement. This is seen in early
studies based on measured parameters of applied stress and time to
failure.” The principal reason for such difficulties was felt to be
a8 variation in the initiation time for stress-corrosion cracks, Thus,
the application of fracture mechanics (with pre-crecked specimens) led
10 greater reproducibility. Additional studies, via {iracture mechanics
techniques, have permitted the measurement of crack velocity as a func-
tion of applied stress intensity. In summary, typical test data obtained
using each technique are shown in Fig. 2. Generally, as seen in Fig.
2(c), three crack velocity regimes (I, II, III) are observed for high-
strength steels in agqueous enviromments.

It is clearly established in the electrochemical literature that
hydrogen reduction will occur in agueous media at potentials more active
(-) than the oxidation potential of the hydrcgen electrode, '

E° = 0.0 - 0.059pl (for equilibrium with 1 atm gaseous H.)}. Figure 3
shows the pH dependence of this potential, superimposed on the Pourbaix
dlagram for iron. At low pH values, the oxidation of iron in a deaerated
solution must then give a potential between that for iron (Fe — Fett)
and the hydrogen electrode potentisl. Such is found to be the case in
the stress-corrosion cracking of high-strength steels in neutral or
acidic solutions.” The reduced hydrogen (atomic) can then re-cambine
{to give H, gas) or enter the steel. The uncombined hydrogen species

is responsible for stress-corrosion cracking and delayed failure
phencmena, The role of cathodic poisons is in atfecting the residence
time of disscociated hydrogen on the metal surface, but will be discussed

S
L. Acdkadl W D N MO vht
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This review will focus on the basic metallurgy of high-strength
steels, test procedures, metallurgical effects on stress-corrosion
behavior, environmental effects on cracking behavior, and proposed
cracking mechanisms.

PHYSICAL METALLURGY AND MECHANICAL
PROPERTIES OF HIGH-STRENGIH STEELS

The physical metallurgy cf high-strength steels has been discussed
in the literature.**~!S The high-strength steels will be reviewed, with
regard to their general belavior,
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Lew-alloy, high-strength ateels are primaerily heai treated by a
quench and temper procedire, as shown for AISI 4340 steel in Fig. L.
Tensile properties and fracture toughness values are shown, as functions
of tempering temperature, in Fig. 5. The as-guenched structure is
martensite, with possible retained austenite. Upon tempering at tem-
peratures up to 300°F, c-carbide is precipitated at marlensite plate or
twin boundaries.l! High dislocation densities are present in the mar-
tensite structure. Tempering above 4OO°F resulcs in a resolution of
e-carbide, with concurrent FeaC precipitation. Carbide precipitation
in 4340 steel has been studied by Klinger et al.!” The cartide species
and fracture toughness are shown in Fig. 6 as a function of tempering
parameters, Tt is clear that martensitic structures tempered below
600°F have minimal fracture toughness (Fig. 5), with either c-carbide
or platelet cementite within the microstructure (Fig. 6).

Tempering of H-11 steel differs from that of 4340 in that carbides
of the tyye M-C, MCa, M.C, and MsaC,; precinitate during the temwpering
process. Tensile properties are shown as functions of tempering tem-
perature in Fig. 7. Figure 8 shows the effect of ‘empering temperature
on impsct strength and tensile properties for Type 410 stainless steel.
Both steels exhibit high strength levels at tempering temperatures up
to 900°F.

Precipitation hardening stainless steels differ from martensitice
stainiess grades in that copper additions (17-4pH) and sluminum additions
(17-7pH) promote age hardening during martempering. The effect is re-
tained high strength levels at tempering temperatures up to GQ0°F,
High-alloy martensitic steels (9Ni-UCo series) derive their strength
fram solid solution s\r~“qthenin§ {carbon) and by carbide dispersion
strengthening during t;mpe'ing,

The isothermal transformation diagram for a 0.1C-12Cr hardenable
stainless steel is shown in ¥Fig. 9. Since no "tainite knee" is observed,
the use of marquenching procedures, with isothermal holds for up to

seversl minutes below 800°F, are feasible during the hardening operation
for 12Cr martensitic stainless steels.

The phenamenon of temper embrittlement is encountered in the
majority of high-strength steels. Banerjeell has shown that 500°F
embiittlement is ohserved with L3LO steel, as well as 900°F embrittle-
ment for the cases of H-11 and Type 422 steels. Figure 10 shows the
effect of tempering temperature on impact strength for 4340, H-11, and
300M steels. Type 410 stainless steel was found to exbibit QO0°F
embrittlement,* ’ &s shown in Fig. 8. In sumery, the medium- or high-
alloy steels generally exhibit 900°F embrittlement, while 500°F
embrittlement is observed in low-alloy steel. Such behavior is shown
schematically in Fig. 11, The 9Ni-kCo alloys, however, exhibit no
significant temper embrittlement behavior.'™
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STRESS-CORROSION TEST METHODS

Stress-corrosion testing has involved the use of numerous specimen
geametries. Farly studies were based on self-stressed U-bend specimens,
such a3 those described by Fhelps et al.* and Davis.”“ Initial appli-
cation of fracture mechanics involved the use of single-edge-notched
specimens, as described Ly Proctor and Paxton,“"* and Carter.“+ Other
geametries include the center-cracked sheet specimen, described by
Hancock and Johnson,”® and the double cantilever besm specimens, of the
type used by Van der Sluys.”? Figure 12 shows a schematic diagram of
the self-stressed U-bend specimen. Fracture mechaidcs specinen geane-
tries, and applicable stress intensity relationships, have been discussed
by Brown, ® and are shown in Figs. 13 and 14, Fuilier discussion of
such specimen geametries may be found elsewhere.™» @730 The use of
fracture mechanics specimen geomeiries, with the asscciated pre-fatigue
cracking procedure, has then minimized the veriable of crack initiaticn
time in stress-corrosion testing.

Two considerations are ocutstanding in the application of fracture
mechanics to stress-corrosion cracking studies; i.e., (1) the stress
state at the crack tip, and (2) the absence of ideal elastic behavior
at the crack tip region, The existence of a triaxial stress state has
been shown to greatly increase the effect of hydrogen on mechanical
properties.” Therefore, the most severe stress corrcsion tesl proce~
dures include plane strain conditions at the crack tip. The specimen
thickness requirement for plane strein is givea™! as

K 2
p2 2.5 ()

CTyS
where
B = specimen thickness (in.),
Kye = criticul stress intensity

for catasirophic failure, and
oys = 0.”% yield strength for the steel.

In reality, ideal elastic conditions do not exist at the crack tip.
However, for the steels of interest in this review, the region of
plasticity is not significant. The over-riding advantage of the frac-
ture mechanics approach is that the applied stress intensity (K) con-
cept provides a means of defining stress-ccrrosion behavior in terms
of stress and flaw size, and in a reproducible manner.
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EFFECT OF ALLOY STRENGTH LEVEL

The daminant metallurgical parameter in detfining the susceptibility
of high-strenglh steels to stress-corrosion cracking is strength level."”
The classical approach to reducing the stress-corrosion cracking problem
has been to lower the strength level. The strength level effect is
clearly shown by the data of Brown®? in Fig. 15. It is significant that
the extrapolation of the Kig - curve, to intersect the Ky, curve, defines
the critical strength level at which there is a substantial chemical
effect on the fracture of the steel. This is shown schematically in
Fig. 16, and is a strong function of metallurgical and environmental
parameters. 1t is important to realize that stress-corrosion cracking
will occur below this strength level. However, the environmential effect
on the fracture process is considerably less, The increase of strength
level has been shown to decrease the threchold stress intensity for
cracking (Kigec) and o increase crack growth kinetics in both gaseous
and aqueous environments.

Smooth (urnotched) specimens of quenched and tempered AISI 4340
steel were tested by Hughes et al.’ using 3% NaCl or O.1N ICl aqueous
environments, Failure times were strongly decreased by an increase of
strength level in either environment, as shown by the data in Fig. 17.

Sandoz™* has investigated the effect of strength level in L340
stecl, finding increased strength level to be detrimental in boin
gaseous and aqueous environments. The effect of strength level on the
threshold stress intensity for cracking is shown in Fig. 18. The data
were obtained using pre-cracked specimens of tlhe single cantilever beam
gecmetry. The data show that the ithreshold stress intensity for cracking
is lowered by galvanic coupling to a more active melul (Mg) and raised
by coupling to & more noble metal (Cu).

Crack velocities, for the same applied stress intensity, are sub-
stantially increased by increasing the strength level of the steel.
Colangelo and Ferguson ' observed higher velocities with increasing
strength level for guenched and tempered ATST L3LO steel in a 3.5% NaCl
solution; this is shown in Fig. 19. Crack velocities in dry hydrogen
gas environments were found by Kerns™ 1o be a strong function of
strength level for quenched and tempered A1S1 4335V and DOAC steels.
The data, obtained using pre-cracked double caniilever beam specimens,
are shown in Figs. 20 and 21. It is, however, an erroneous approach
to define stress-corrosion cracking susceptibility as a function of
strength level alone, The microstructure of high-strength steels is
also affected on tempering of the martensitic structure.

EFFECT OF MICROSTRUCTURE
Sub-structure Effects

The parcvicular susceptibility of high-strength martensitic
steels to stress-corrosion cracking has been attributed to the presence
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of ¢-carbides, high dislocation densities, and coherency stirains between
twinned martensite platelets.

Wang and Staehle™ have shcwn that, for the same strength
level, crack velocities are more than an order of magnitude grealer for
L4340 steel with a tempered martensite structure than for the lower
bainite structure. Figure 22 shows crack velocity as a function of
applied stress intensity for mertensitic and bainiitic steels. The dif-
ference was attributed to more effective trapping of hydrogen at coher-
ently twinned interfaces in the plate martensite structure, as copposec
to the incoherent bainite laths. It is also seen in Fig. 22 that the
range of stress intensities required for cracking is notably lower for
the martensite structure.

Vaughan and Phalen”® have shown that the microstructure of
tempered 4340 steel plays a significant roie in the entry of hydrogen
into tle steel. The dislocution sub-structure of as-quenched martensite
was found to be partially removed by tempering at temperatures up to
600°F. Subseguent hydrogen charging of steels tempered in this range,
however, was found to regenerate the martensite sub-structure. Hydrogen
charging of steels tempered at 800 or 1300°F showed blistering or grain
boundary broadening, with no evidence of structural damage due to
hydrogen entry into the grains. Details of the charging procedures
were not given.?® The regeneration of sub-structure was attributed to
the ease of hydrogen entry into martensite tempered at low temperatures.
Paker ob 51.1° have describhed the micrnstructural changes in AIST W3ko
steel brought about by tempering above O00°F as (1) recovery processes
which lower the dislocation density in the martensite, (2) disappearance
of twin boundary structure, and (3) spherodization of carbides precipi-
tated at twin boundaries between martensite plates.

The susceptibility of martensitic LOO-series stainless steels
to both stress-corrosion cracking and to temper embrittlement occur
within a range of tempering temperatures which promotes the re-solution

of one carbide species, and the simultaneous re-precipitation of another.

Banerjee'* has shown that H{-11 and Type 422 stainless steel undergo
temper embrittlement in the 900 to 1000°F tempering range. Studies
with 43L0O steel*! have shown 500°F embrittlement to occur. F¥or each
steel, carbide anslysis was performed by electron and x-ray diffraction
analysis, in addition to electron microprobe anslysis. The relative
carbide intensilies ere shown in Fig. 23 for each steel, as a function
of tempering temperature. The temper-embrittled structures exhibited
high dislocation densities, with dislocation pinning by precipitated
carbides. Such carbides were of the MaC for 4340 steel and M-sCg for
Type k22 stminless steel. Unnotched bent-beam specimens of martensitic
steinless steels (Types 410, L20, 422, and L3€) were tested by Lillys
and Nehrenberglj in a 5% salt spray enviromnment. Minimum failure times
were observed after a 900°F temper. Additional studies were conducted
with Type 410 stainless steel by charging stressed specimens (100 ksi)
in 0.1N HnSO4, containing 3 mg As/f. The delayed fsilure results

(Fig. 8b) indicate minimum failure times for a 900°F temper. The two
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studies!®s1Y ghow that temper embrittlement and susceptibility to stress-
corrosion cracking occur over the same range of tempering temperatures.

Zackay et &l.%° have shown a markedly greater resistance to
delayed failure for & TRIP (TRansformation Induced Plasticity) steel,
as compared to a tempered martensitic steel of the same strenglii level,
The steel compositions and heat treatments are given in Table II. Pre-
fatigue cracked SEN (single edged notched) specimens of TRIP steel were
pre-loaded to a fracticn of the critical stress intensity for unstable
fracture (Kgr). Both martensitic and TRIP steel specimens were then
charged in 4 wt% H.SO4 solution, containing a poison (white phosphorus
dissolved in CS,). Following Cd-plating and baking, the specimens were
statically loaded. No failures were observed ror the TRIP steel at
loads corresponding to 0.8 Kop and times of up to 510 minutes. The

martensitic steel failed rapidly, as shown in Table IIT. Microscoplc
examination of TRIP steel specimens showed thalt hydrogen cracking was
limited to the crack tip region (transformed to martensite on pre-
loading), with no observable macroscopic crack extension.

Ausforming of DGAC steel, prior to quenching, has been found
to both refine the final microstructure and increase delayed failure
times in a distilled water environment by an order of magnitude. Ault
et 81.%° have investigated aus-bay quenching and ausforming processes
for DGAC, using the trcatments in Teble IV, Flsne strain fracture
toughness values were obtained using pre-fatigue cracked noteched round
specimens. Figure 24 shows the improvement in toughness obtained by
ausforming; Fig. 25 shows the delayed failure times for un-notched
specimens in a distilled water envircnment. Microstructural cobserva-
tions revealed that both martensite platelet and carbide sizes were
reduced in the ausformed steel, with a more uniform carbide distribution.

Table IT - Composition and Heat Treatment of
Martensitic and TRIP Steels
[Fram the work of Zackay et al. (39)]

~ Composition (w/o)
Steel C Mn Si ¢Cr Ni Other Heat Treatment

TRIP 0.25 2.1 2.0 8.8 8.3 3.7 Mo Solution annealed at
1175°C for 1 hr, ice
brine quenched, and 89%
warm rolled at 425°C

Tempered 0.46 0.4 2.1 0.5 12.0 4.0 Co Austenitized at 1000°C
Martensite for 1/2 hr, oil quenched,
and tempered at 450°C
for 2 hr + 2 hr
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Table IV - Thermal-Mechanical Processing Treatments for
DOAC Steel [From the work of Ault et al, (40)]

Ausformed

Austenitized at 1650°F in air for 2 hcurs

Air cooled to 1050°F, held at 1000°F for 1/2 hour
Reduced 65% by press forging

01l quenched

Stress-relieved at 350°F for 2 hours

Specimens cut out and finish ground

Tempered for 2 + 2 hours

~ O\ FWw D

Conventional

Austenitized at 2000°F in air for 1 hour

Reduced 65% by press forging

Air cooled

Specimens cut out and machined 0,025 in. oversize
Austenized at 1650°F in air for 2 hours

0il quenched

Stress-relieved at 350°F for 2 hours

Specimens finish machined to sizc

Tempered for 2 + 2 hours

Voo~ Fw o=

Aus-bay

Steps 1 through 8 of conventional treatment
Austenitized at 1650°F in salt for 1 hour
Transferred rapidly to 950°F salt bath
Held in 950°F salt for S minutes

Quenched in 150°F oil

Tempered for 2 + 2 hours
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Fig. 25. Effect of Prior Ausforming Process on Delayed Failure
of DGAAC Steel in Distilled Water Environment [From
the work of Ault et al. (40)]
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Marquenching of Type 410 steinless steel has been used to
irprove the resistance to delayed failure. Bressenelli®" has studied -
the effect of msrquenching on the H. embrittlement susceptibility of
Type 410 stainless steel tempered at 900°F. Strip specimens were tested
ia veuding after immersion in a 1:1 HC1 solution containing 2% Se0n-.
Bend angle at fracture was the measured parameter. The post-charging
bend angle is shown in Fig. 26 for oil-quenched and marquenched specimens. -
Isothermal holds of 10 minutes, at 400 to 600°F, during quenching were
found to exhibit the greatest effect. The improved cracking resistance
of marquenched steel was attributed teo a nonuniform carbide distribution.
Regions of martensite not strengthened by carbide precipitation were
felt to provide barriers to crack propagation.

P

PR

EFFECT OF PRIOR AUSTENITE GRAIN SIZE

In neutral or acidic aqueous environments, the delayedi failure of
high-strength steels generally exhibits an intergranular fracture mcde,
along prior austenite grein boundaries.''’»¥7»® 1In gaseovs environments
(45, HoS), inlergranular cracking is also observed. " ??7:*% Therefore,
the effect of prior austenite grain size on stress-corrosion cracking
behavior is of obvious importance,

A uecrease in prior austenite grain size has been found to increase
both the fracture toughness (Kyo) and the threshold stress intensity
velue for stryess-corrosion cracking (Kygee) for high-strength steels.

Proctor and Paxton?'! have studied the effect of grain size on the
delayed failure of AISI L340 steel in 3.5% NaCl solution. The heat
treatments, strength levels, and resultiug grair sizes are given in
Teble V. Pre-fstigue cracked single cantilever beam specimens were
used in the investigation, Failure times, as a function of inicisal
applied stress intensity, are shown in Fig. 27. A coarse grain size
results in a shorter failure time than that for fine-grained (higher-
strength level) steel. There is n¢ significant aifect of such grain
size variation on either fracture toughness (Ky.) or the threshoid
stress intensity for cracking (Krsee).

Webster'S has conducted an extensive study cf grain size effects
on the fracture toughness and KIgee values for a 1li4Cr-13Co-5Mo

precipitation-hardening stainless steel (AFC77). Grain diameter was
varied from 2.3 to 60 um, using the thermal-mechanical treastments
illustrated in Fig. 28. VFigure 29 shows the effect of grain sizs on
the fracture toughness (Kp.) of the steel. Fracture toughness values
were determined both by Charpy impact tests and by 0.5" thick SEN slow
bend specimens, loaded in three-point bending. TFor the same temper.ing
temperature, the threshold stress intensity values for stress-corrosion
cracking are 25 to 33% higher in the fine-grained stzel. This is shown
in Fig. 30,
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Table V - Heat Treatments Used to Obitain Variable Prior
Dustenite Grain Size in AISI 4340 Steel
(From the work of Proctor and Paxton (4l)]

I. Conventional heat-treatments:
(a) Normalize for 1 hr at 900°C (1650°F) and air cool
(b) Austenitize for 2 hr at T ¢ and o0il quench
Steel A: T = 915°C (1680°F)
Steel B: T = 805°C (1480°F)
(c) Refrigerate in liquid nitrogen for 15 min
(d) Temper 1 hr + 1 hr at 205°C (40O°F) and oil quench
II. Repetitive austenitizing heat-treatments:

(a) Normalize for 1 hr at 900°C (1650°F) and air cool

(b) Homogenize for 1 hr at 800°C (1580°F) and oil quench

(c) Austenitize for 90 sec at 815°C (1500°F) and oil gquench

Steel C: slep (c¢) was repeated ouce (i.e., total
of 2 cycles)

Steel D: step (c¢) was repeated four times (i.e.,
total of 5 cycles)

(d) Refrigerate in liquid nitrogen for 15 min

(e) Temper 1 hr + 1 hr at 205°C (4O0°F) and oil quench

Steel ASTM Yield Strength Tensile Strength
Designaiion {(grain size) {(hsi) {ksi)
A 7 2Ls 270
B 8.5 249 271
C 10.5 259 276
D 12 265 280
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to 0.56 in.
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3 in 1400°F [~
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Fig. 28. Thermal-Mechanical Processes Used to Obtain Variation
of Grain Size in AFC 77 Steel |[From the work of
Webster (L5)]

L2




[{G%) J238Q3M JO H{IOM 83 WOLL] s2amgjelsdme] SNOTIBA 38
peasdma] 12235 AL-0JV JO 8Ssuunol, aamioudd UO S2IS UTEX) JO 39833E ‘67 °I1d
{(ISAH) yiduailg sjisuaj
0ge 0L¢ 092 062 (o] AFA 0ge 022 o2
! I T ] I 1N T o2
e 7N
e
300001
N
~ ~ —ov
2.008
: N/
N 354v02 = )
— 4600L \ 0% 2. ol
/ P
A i
4» b
EXE Y
L \ —dos .u.
H -~
a.
E2xevl ) — 00l
B FHNLVSIINIL 1
ONIZILINTLSNY S
LN
l | [ ] 1 | Lrw|_ 0OzZi




in)

Kji (KS!

K“ (KS1/in. )

I HR Austenitizing at I800°F
2+ 2 HR Temper

126 — FINE GRAIN COARSE GRAIN
K
pe——— o IC
- o) (]
K

KD
752 o
5()k3 | I 1 1 ] | | J

0 4,O.l 10 10 100 O 0.l 1.0 10 100

Apparent Crack Growth Rate
(in x 10"%hr)
(a) 500°F TEMPER

o  FINE GRAIN _ c0ARSE cRAIN

—-——Kls w » -
40 |- —
30 Kic= e o vt =K § e

le
20 y——Klscc—-U-—-—-—- — D
0 M| ! 1 Jd L | 1 ] J
(o) O.i 1.0 0 100 O Ol 1.0 0 100

Apparent Crack Growth Rate
(in x 107%hr)

(b) I000°F TEMPER

Fig. 30. Effect of Frior Austenite Grain Size ou Kjgee for

A¥C 77 Steel [From the work of Webster (45)]
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EFFECT OF STEEL COMPOSITION

Stress-corrosion behavior is strongly affected by the chemical
composition of high-strength steels. Carbon additions (up to 0.4%) and
menganese additions (up to 2.5%) are found to lower the Kyigce value for
AISI L3LO steel in 3.5% NaCl solution. Delayed failure times for pre-
cracked specimens of medium- and high-alloy martensitic steels (9Ni-kCo,
H-11) in a distilled water environment are substantially greater than
failure times for low-alloy steels (4340, DGAC). Silicon sdditions
(1.6% or more) to AISI 4340 steel have been found to substantially lower
the stress-corrosion crack velocities in a 3.5% NaCl solution.

The fracture toughness and stress-corrosion cracking susceptibility
of high-strength steels have been extensively reviewed by Sandoz.?!
The general behavior shows a decrease in Kigee With increasing strength

level, for the case of aqueous environments. However, certain martens-
itic steels were found to be superior to AISI 4340 at strength levels
belew 200 ksi. These include HY-130, HY-150, HP 9-4-20, and HP 9-k-25.
Other steels were found to exhibit Kyigece values close to those of

4340 steel. The latter include H-11, DAAC, 300M, HP 9-4-h5, and L3hov.

At moderate strength levels, high-alloy martensitic and precipitation-

ance than low-alloy martensitic grades.?!

The effect of major compositional changes on stress-corrosion
behavior was also investigated by Benjamin and Steigerwald.l® Center-
notceh pre-fatigue cracked specimens of six high-strength steels had been
heat treated to give ultimate strength levels in the range 233-24kL ksi,
and statically loaded in a distilled water enviromment. The resulting
delayed fajlure data, as a function of normalized initial stress inten-
sity (Ki/Kq), are presented in Fig. 31. Yield strength values for the
steels ranged from 194 to 229 ksi. A detailed microstructural compari-
son of the steels was not made. It is clear, however, that the deleyed
failure kinetics are substantially lower in 9Ni-u4Co and H-11 steels, as
compared to 4340 steel.

Alloying element additions to L3uLO-type steel by Sandoz®% have
shown detrimental effects for ¢ and Mn. The additions of P, 3, Cr, Mo,
and Ni showed no substantial effects on stress-corrosion cracking
behavior. Pre-fatigue cracked single cantilever beam specimens were
tested in both see water and aqueous 3.5% NaCl solutions. The additions
of carbon (up to 0.4%) or manganes:z (up to 2.5%) were found to lower
Kigee in the test environments, as shown in Fig. 32.

The specific effect of silicon additions on the stress-corrosion
cracking of AISI L3LO steel was investigated by Carter.i® Pre-fatigue
cracked single cantilever beam specimens were used in the study. The
stress-corrosion environment was an aqueous 3.5% NaCl solution. For
material having ultimate strength levels of 280-300 ksi, additions of
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silicon up to 2.15% showed no measurable effect on Kigee, bul resulted

in a pronounced decrease in Ky, with silicon levels of less than 0.5%. |
These effects arc shown in Fig. 33, Delayed failure times, at Ky = 32 O
ksi-in.", are increased by silicon addilions greater than 1%, as shown

in Fig. 34. The addition of silicon to lower.sirength 4340 steel

(230-240 ksi strength level) showed a slight increase in Kigce for

silicon levels up t» 1%, No effect of silicon conteni on K1 was

observed up to 1.58% Si. The lattier effects arc shown in Fig. 35.

Crack velocity measurements, as a function of silicon conlent and
applied stress intensity, revealed significantly lower crack velocities
for silicon contents of 1.58% or more in the lower strength level L340
steel. The crack velocity effect is shown in Fig. 35.

ENVIRONMENTAL EFFECTS

Significant effects on stress-corrosion cracking behavior have
been observed for the case of agqueous enviromment variables. Low solu-
tion pH, applied cathodic potentials, and the addition of cathedic
poisons accelerale the failure of smooth specimens in aqueous media.
Anion or cation addilions have increased the delayed failure times for
ATSI 4340 foil specimens in chloride solutions.

For the case of pre-crucked specimens, applied potential and pH
changes also show substantial effects on crack growth rates,

Addition of Cathodic Poisons to
Aqueous Environments

Cathodic poisons, containing elements from Groups V and VI of
the pericdic table, have been show to promote hydrogen entry into iron
or steel from agueous media. Radhakrishnan and Shrier' have studied
the enhanced permeation of hydrogen through 0.002" thick low-strength
steel foil as a function of cathodic poison additions to a 0.1N H..504
solution. Permeation kinetics were increased (during charging) on the
addition of As (as sodium arsenite), Se (as selenous acid), and Te.
Sulfur ecompounds (sodium sulfide, carbon fide, and thiourea) were
Tound to enhance permeation kinetics in the absence of an applied
potential. Additions of As, Se, and Te were less than 100 pg/ml. The
effectiveness of eacl poison species is revealed by its relative enhance-
ment of the hydrogen permeation rate, shown in Fig. 37. The poisons
were rated, in order of effectiveness in promoting hydrogen entry, as

T

As > Se > Te >9S5 .

Cathodic poison additious have been clearly shown to both
increase hydrogen entry into high-strength steel, in conjunction with
lowering the stress required for delaved failure in asqueous media.
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Fig. 37. Effects of Applied Cathodic Current and Poison
Additions on the Permeation Rate of Hydrogen

Thrcugh Low Strength Steel [From the work of
Radhekrishnan and Shreir (47)]




Wood " found that the addition of a poison (P in CS.) to a L% H.S0,
charging bath increased the hydrogen content of 4130 steel by an order
of magnitude. The strength level of the steel was 229-234 ksi. In
similar work, Farrell*? has found that the addition of arsenic metlal
(0.5 mg/2) to a 4% H,S04 charging solution increased the hydrogen
absorption of low-alloy high-strength steel (stirength level 270 ksi),
as secn in Fig. 38, The deirimental effect of hydrogen content on the %
fracture stress of un-notched tensile specimens is shown in Fig. 39.

Hydrogen sulfide additions to neutral or acidic aqueous j
enviromments will strongly accelerate the delayed failure kinelics of i
high-strength steels. Treseder and Swanson®" showed that H»S additions
to a 0.5% acetic acid solution reduced the fracture stress for exposed y
specimens of 9-Ni high-strength steel by a factor ol 5. Hudgins et al.51 )
reported a similer effect of H-S on the delayed failure of low-alloy
high-strength steel specimens (notched-ring geometry) in a 5% NaCl
solution. The effect oi H,S aaditions, shown in Fig. L0, appears most
significant in the pli range 3-7. 3

Effect of Ionic Additions to
Aqueous Solutions

The addition of ionic species to the aqueous stress-corrosion
environment has, in general, shown a pronounced effect on delayed
failure kineties.

Tirman, Haney, and Fugessi®” have studied the effect of prior
treatment of 4340 steel foil in agueous and non-aqueous sulfur-containing
solulions on the subsequent delayed failure in 0.6M NaCl solution
(acidified to wH 1.5 with HC1). Pre-treating solutions, and the effect
on subsequent failure times, are given in Table VI. The tensile sirength
of the 0.002" thick foil specimens was 220-26h4 ksi; the foil specimens
were stressed to 75% of the yield strength. The effect of such pre-
treatment was attributed to the formation of local sulfided areas on
the steel surface which retard the re-combination of atomic hydrogen.

In later work, Fugassi and Haney® studied the effect of heavy metal

ion additions on the stress-corrosion cracking of AIST 123l sieel in
dilute HC1 solutions. Specimens of 4340 steel foil (yield strength of
203 ksi) were stressed to 75% of the yield strength. The effects of
various metallic salt additions on the delayed failure time in dilute
HCl soluticn (pH 1.5) are given in Table VII, Additions of SnCl-

(107% mole/r), Pb(C.l1z0:)» (1077 mole/¢), and CaCl- (107 mole/?2)
increased the delayed failure time by more than one order of magnitude.
The effect. of such heavy metnl ion additions was attributed to dissolu-
tion of sulfides from the stuel, giving HS™ ions, with the precipitation
of insoluble heavy metal sulfides. The process thereby removed the
sulfide areas on the steel believed to be responsible for accelerating
hydrogen entry into the steel. Chloride ions, per se, have not produced i
any significant effect on the cracking susceptibility or kineties in 7
AIST L3LO steel,®” as shown in Fig. 22,
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Fig. 39. Effect of Hydrogen Content on Fracture Stress of

Unnotched High Strength Steel Tensile Specimens
[From the work of Farrell (L49)]
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Table VI - Effect of Prior Exposure to Sulfide, Sulfite, and Sulfate
Media on the Delayed Failure of AISI L340 Steel Foil in
0.6M NaCl Solution [From the work of Tirman, Haney, and
Fugassi (52)]

Time Treatment % Change
Solution (min) Time to Failure

H->S in H-0 (Sat'd) 30 -50
H-S in H,0 " 4o -ko

: HoS in HL0 v 120 -70

; NaHS in H.0 h0 -50

i NaHS in H-0 120 -50

; Thionex' in C.Hg 120 -60

! Thionex in CH 720 -6o

; (S» in CoH, 120 -20

; 3= in CgH, T2C -60

: H-S0a in H,0* Lo -70

; HaS05 in 1.0%* Lo =60

: NaHSO- in H.-0% Lo -70

% Nao80g in H-0* 4o +10

!

\ NaHSO4 in H.O¥ 40 -50
Nao,S04 in Ho0X 40 +10

'Tetramethylthiuram monosulfide
*0.1IM
*X0 . 01M
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Table VII - Effect of Metal Salt Additions on Delayed Failure
of AISI 4340 Steel Foil in Aqueous HCl Solutions

[Fram the work of Fugassi and Haney (53)]

Concentration % Change
Compound (m/2) Time to Failure
None 0
Nas-S04 10-% -10
NaCl 2.10°¢ -20
NiCl- 10-° -50
bS04 1.4 10" (sat'd) 1500
PbS04 1.4 -10°5 Lo
PbClo 10-3 (sat'd) 300
PbCl, 10-1 700
PbCo04 3+10°° (sat'd) 10
PbC04 3. 50*7 -50
Pb(CoHAO=)s 107< 2000
Pb(C=H02)2 1073 1000
PoCr0, 1.4 1078 (sat'qd) -10
/nCls 107% 200
Zno 3.6 + 1075 (sat'd) Loo
CdCls 10-2 2000
CdCls 1073 300
CdCl, 10-4 50
SnCls 10‘i 4500
SnClp 1077 3000
SnCl. 10-2 1500
SnClo 107 900
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EFFECTS OF pH AND APFLIED POTENTIAL

The delayed failure of smooth or notched specimens of high-strength
stecl in aquecus media is rapidly accelerated by a decrease of solution
pi. The effect of pH on crack velocity, however, is not as significant.
Applied potentials, both anodic and cathodic, have been found to acceler-
ate the delayed failure of non-precracked specimens of high-strength
steel,

Hughes et al,” have shown a severe effect of solution pl for
notchcd--ring specimens stressed in a 5¢ NaCl solution containing H.S.
The effect is shown in Fig. 40. Treseder and Swanson™ ' have shown a
streng effect of pH on the delayed failure of high-strength steel
specimens of a bent beam geometry. Figure 41 shows such a pH effect
on the delayed Yailure stress for a quenched and tempered low-alloy
steel (0.73C-1.5Mn-0.251-0.25Mc). Both studies®'»5! show a decrease
of failure time in sulfide environments with decreasing solution pH.

The effect of pH on crack growth kinetics in AISI 4340 steel was
studied by Van der Sluys.=t Using double cantilever beam specimens,
the author investigated pH, applied potential, and strain energy release
rate (G) effects on crack velocity. Figure L2 shows that the effect of
pH on crack velocity is significant only at large cathodic potentials,
J.b Ildb UCCll bllUWLl UV DJ,U\‘VLJ.G‘} UIIGU .LLH_p.LCDDL\A yuucuu.;.als
anodic or cathodic) strongly increase the crack velocity in a varlety of
high-strength steels. Figure 43 shows such an effect for pre-cracked
specimens. Additional studies by Brown et al.“ have shown, however,
that the pH and potential conditions at the tip of a growing stress-
corrosion crack in AIST L4340 steel permit hydrogen evolution. Similarly,
Brown®® has found such electrochemical conditions in a variety of high-
strength steels, as shown on the Pourbaix diagram of Fig. LL, ‘Thus,
it is clear that the effects of pH and potential on crack velocities in
these steels (Figs. 42 and 43) are not fully explainable at this time.

—~

The measured effect of potential on delayed failure times has
shown that either anodic or cathodic potentials decrease the failure
time for some high-strength steels in aqueous solutions. McGuire
et 21.°° have shown that hydrogen-induced stress-corrcsion cracking
can occur with Type 410 stainless steel. Figure U5 shows the effect of
impressed potential on both the delayed failure times for 0.008" thick
U-bend specimens, and the rate of hydrogen permeation through the steel.
Electrochemical polarization (anodie or cathodic) is found to accelerate
both delayed failure and hydrogen permeation. On anodic polarization,
stress-corrosion cracks were found to initiate at the base of corrosion
pits.

The effect of potential on hydrogen permeation and delayed failure
for AISI 4340 and HP 9-4-45S steels was studied by Barth et al.S
Failure times for both steels were decreased by cathodic polarization.
The steels had an approximate tensile strength of ZU5 ksi. The steels
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were tested as 0,030" fc'ls, stressed to 50 ksi. Figure 46 shows the
effects of apriied poter.tial on hydrogen permeation and delayed failure
times. For the case of HI 9-4-L43, the decrease in failure time by

anodic polarization was accompanied by pitting corrosion. The occurrence

of pitting is expected™™ to produce similar electrochemical conditions,

at the base of the pit, as those found at stress-corrosion crack tips.”»%°

Thus, hydrogen-induced cracking is not eliminat<d as a possible failure
mechanism.

EFFECT OF AFPPLIED STRESS INTENSITY
ON CRACK GROWTH RATE

Increases of stress or applied stress intensity increase the
Lkinetiecs of delayed failure, The coitical role of stress in delayed
failure is shown by the effect of notch radius on both the notch ten-
~ile strength and delayed failure times for high-strength steel in a
distilled water environment, The effect of increasing notch acuity on
delayed failure of 300M steel is shown in Fig. 47. The effect of
gross section stress, per se, on delayed failure has been shown in
Fig. 2(e.). The effect of appiied stress intensity on crack growth
kinevies in aqueous solutions will, in general, show three distinct
regions of stress intensity dependence (I, II, and IiI).

Speidel? has shown that such regions exist for quenched and
temparad ArST L3LOM steel 3n a distilled water environment., Such
behavior is shown in Fig. 2(c). 4. low stress inteusities (Region I),
crack velocity if strongly increared by increasing applied stress
intensity. At intermediate stress inteusity values, crack velocity is
a weak function of Ky, giving Region IT behavior. At high stress
intensity values (near KIC)J the stirong dependence of crack velocity
on Ky conslitutes Region III beravier. Figure L8 shows the results of
Spiedel®” for AFC-77 steel, again exhibiting distinet regional behavior,
Crack branching was observed by Spiedel in Region II.9° Regions I, II,
and IIT were observed ng and Staehle™ for bainitic struciures as
well, as seen in PFig. .<. DRegions I and I were observed in high-
strength level L340 steel by Colongelc and Ferguson,>S as cuown for a
sait water environment in Fig, 19.

Mustovoy <t al.”>' have shown Region I - Region II behavior for
quenched ard vampered 300M ard bainitic HP 9-4-45 steels in an agueous
3.5% NaCL environment., Yield strength levels were 233 ksi end 200 ksi,
respectively. The crack velocity stress intensity data are shown
in Fige. 9 and 50. TFigure 51 snows the stress intensily dependence
of crack vclocity for 200M in & distilled water enviromment. Crack
velocity measurements for 25C-grade maraging steel also exhibited
Region I -~ Region II cracking behavior. Microscoplc examinetion of s
250 maraging steel syecimen, following crack growth in a 3,5% NaCl
solution, was found = to exhibit srack micro-branching at Region II
stress intensity values. Thizs ig ir uagreemenl with the observations
ct Spiedel.” In additicn, the presence of c¢hloride in the environment
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does not show a significent effect on crack velocity (Figs. 49 and 51).
This agrees wilh the results of Staehle and Wang®” shown in Fig. 22.

The Region II crack velocity is a significant parameter in that
it pertains to the majority of stress and flaw-size conditions over
which environmentelly induced slow crack growth can occur, Of the
steels presented here, 434OM shows the highest velocity, having a
strength level of approximately 290 ksi.® For the same yield strength

i el D} AR

T (200 ksi), the data for msrtensitic 4340 steel™®»%7 show very similar

o= Region II crack velocities (Figs. 19 and 22), on the order of 1072
in./min. Tt is significant that AFC-77 steel, at the same strength

- level as 4340 steel® »"° shows a Region II erack velocity approximately

i~ one order of magnitude lower.

— The dependence of crack velocity on applied stress intensity is

. similar in both gaseous and agueous environments. Landes®® has

= measured crack velocities for ATSI L340 steel (strength level - 302 ksi)
in both distilled water and atmospheric pressure H. gas environments,
In both media, a strong crack velocity dependence on K was observed.

" A lower dependence of crack velocity on K was found with increasing
stress intensity. The data are shown in Fig. 52. Sawicki'® has
- observed Region I - Region II behavior for H-1l steel (yield strength -

230 ksi) in 800 tert dry Hs gas. The stress inbeunsity range for Region T
behavior is increased by an increase of test temperature. The crack
velocity datsa are presented in Fig. 53. Region I - Region II behavior

is also observed for high strength AISI 4335V and DGAC steels, as shown
] n Figs. 20 and 21.

7= McIntyre and Priesi®> have observed Region I - Region II behavior
‘ for slow crack growth in 835M30 steel in both gaseuus Hy and gaseous
H-S environments, as shown in Fig, 54. Kerns and Staehle®® have also

L)

. observed Region I - Region II behavior in both Hp and H;S gaseous
envircnments, as shown in Fig. 55. The latter data {Fig. 35) show
. that erack velocities in low-pressure HoS [107° atmosphires) far

exceed those obsarved in aqueocus solutions.
an The data of Landes®  and those of Kerns and Staehle®! show lower
apparent Kig.e values for aquecus cracking than for slow crack growth

i gaseoas media. However, the studies by McIntyre and Priest®’
indicate that threshold stress intensities for agueous cracking are
equal to or greater than those required for crecking in gaseous environ-
e ments are seen in Figs. 52, 54, and 55 to be at least one order of
magnituce greater than the growth rates observed in aqueous solutions.

-

wx

Slow Crack Growth in Gaseous Environments
: Water Vapor
1 Johrson and Willner®® have studied slow crack growth rates

l for H-1: steel (yield strength - 230C ksi) in moist argon enviromments.
Crack velocity was tfound to increase with moisture content up to a
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relative humidity of 60%. The effcct of moisture on crack velocity is
shown in Fig. 56. Crack velocities in waler-saturated argon were found
to be the same as those in liquid water. The latter result is shown in
Fig. 57. The effect of water vapor was attiributed to condensation of
water vapor at the crack tip. Condensation of (GO% relative humidity
was the result of lowering ilhe equilibrium vapor pressure of water by
the low radius of curvature at the crack tip (solid-vapor interface).

H- Gas

The initial observations of crack growth in dry H- gas
environments were by Hancock and Johnson,”™ showing significantly
larger velocities than those observed in agueous solutions., Crack
velocity measurements in humidified argon or humidified hydrogen
environments did not differ significantly from those cbserved for a
distilled water environment. TFigure 58 shows the pgreater velocities
observed in dry H- gas, as compared to water or moist argon environ-
ments, for quenched and tempered H-11 steel.

The Effect of Gas Pressure on
Crack Velocity

The dependence of crack velocity on gas pressure has been
shoum f£o bhe g unction of hoth fact tamnmaratinrve and 2avnliad ctweaans
showm 1o be g function of both Lest temperature and ocpplied stress

intensity. Reported pressure dependencies for crack growth in H.- gas
range from Py  to Dy ~.

The initial study of the crack velocity - H, pressure relaticn-
ship was by Williams and Nelson.™" Using fully hardened 4130 steel
specimens (pre-fatigue cracked DCB geometry), th. investigators measured
the pressure depcndence of crack velocity at test tumperatures of -60°C,
+23°C, and +60°C; the results are shown in Fig. 59. Sawicki ' measured
the H- pressure dependence of crack velocity in H-11 steel at +27°C,
+47°C, and +80°C. 1In the latter study, a PHW“/B dependence was observed
at +80°C, in agreement with the Williams and Nelson study .t Figure A0
shows the pressure dependencies observed by Sawicki.®® At 427°C and
+47°C, the pressure dependence was P> with no observation of ¢ Pﬁ)l/?

dependence at low temperatures.

Studies by Kerns* have shown that the H. pressure dependence,
at 22°C to 27°C, is = function of applied stress intensity. Figures Ol
and 62 show pressure dependencies for slow crack growth in 205°C tempered
ATST 4335V steel at three stress intensity values. As seeu in Fig. 2C,
the siress intensities lie in Region 1, Region II, and in the transition
zone. Similar results are shown for 315°C tempered 4335V steel and for
DAAC steel in Figs. 63, 6Lk, and ©5. The observed pressure dependence
coefficient is shown as a function of crack velocity and stress intensity
in Fig. 66,
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Crack velocity - hydrogen pressure studies by Mclntyre and
Pricst®' for high-strength 835M30 sieel in 50-700 torr H., gas showed
1/2 .
a PHQ“/ dependence for crack veloeity.

Investigation of the crack velocity dependence on I8 pressure
showed behavior similar to that for H.. in the case ot 20%°C tempered
L335V steel 81 The data are shown in Fig. €7. However, studies by
McIntyre and Priest'® for 835M30 steel in gasecus H-J enviromments
showed a PH_)Sl “ dependence of ~rack velocily.

The pressure depender 2e dala are summarized in Table VIII.
I1 is seen in the data of Sawicki,*™ shown in Fig. 53, that an increase
of test temperature extends Region I bLbehavior Lo higher stress intensity
values. Therefore, for the same applied stress intensity, the pressure
dependence of crack velocity pertains Lo Region iI at low temperatures
and Region I at high temperatures, The stiress intensity chosen by
Sawicki (29 ksi - in.”%), at 06°C, lies in the Region I - Region II
transition zone (Fig. 53). At 71°C, the same stress intensity lies in
Fegion I. The significance of such behavior is that, in geueral, it
explaing the increasing pressure dependence of crack velocity al high
temperatures. The data of Williams and Nelson,*™ Sawicki,'” and Kerns
are consistent if the Region 1I pressure dependence is Pqu and the

v ) . /A N 0 roo. ‘o o
Region I dependence is PH: / to I'y.". A similar effect may apply for the
case of H.0 gas environments. It is important that suvch a temperature
dependence ot Kegion T behavior does nol explaiin the PH\l'L dcpendence

pPCLGENnLe
N -
g

3

j&)

for crack velocity at low and ambient temperatures,? nor the Puqsl/g

dependence observed by McIntyre and Priest,“

EFFECT OF O» ADDITIONS ON SLOW CRACK
GROWTH IN GASEQUS ENVIRCNMENTS

The addition of O: gas has been shown to halt cracking in dry H.
gas environments. However, the critical amount ¢l oxygen has not been
clearly established. Hancock and Jeanson' ® vound that 0.7 vold oxygen,
added to hydrogen or water vapor eu troiments, was sufficient to halt

v farant ial

crack growth. The effect of oxygun was atiributed to its preferentiel
adsorption at the crack tip. In later wcrk, Sawicki' reported that

0.4 vol¥ oxygen prevented cracking in H. gas anviromments at temperatures
of -28°C to +1C0"C. Lesser oxygen levels (0.3 vold) were found to in-
crease the thresholil stress intensity at which cracking was observed

(23 ksi - in? vs. 1Y ksi - inv). Studies of slow crack growth in
gaseous media by McIntyre and Priest”™ have shown that 1% oxygen was
sufficient to haelt crack growth in H.. gus enviromments, but no oxygen
effect was observ:d for slow crack growth in H.S gas environments.

Recent studies by Kerns™ have indicated that the absolute oxygen
level is more significant than the 0~/H,. ratio. The addition of 0.9
torr 0. to 100 torr H.. gus (0.9 vol%) showed no significant cffect on
the crack growih rale in AISI L4335V steel, as shown in Fig. 68, No
crack growth was observed, however, on the addition of 4.7 torr 0. to
665 torr H» (0.7%) for times up to 30 min.
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Effect of Oxygen Additions on the Crack Velocity in Hydrogen
Ges for AISI 4335V Steel Tempered at 315°C (Fram the work of

Kerns (36))
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SLOW CRACK GROWTH IN OTHER GASEQUS ENVIROMMENTS

Crack growth has been observed in both Cl, and hydrogen halide gas
eavironments, and at velocities more than iwo orders of mugnitude
greater then those observed in agueous environments. |

Kerns and Staehle”  have observed crack velocities greater than
1077 in./sec in HBr, HC1l, and Cl. gaseous enviromments., However, tests :
in other gaseous media (NHs., CHs, and C-H..) revealed no evidence of !
significant slow crack growth. Studies in deuterium gas envirorments™® '
have shown crack velocities 2.1 to 2,8 times lower than those observed
in {5 gas., The effects of such environmental species on crack velocity
are shown in Fig. 69.

The crack growth observed in Cl. gas could not be attributed to
impurity species. Table TX gives the expected creck velocities for
various impurity species in the Cl, gas (99.97% pure), as well as the
observed crack velocity in Cl, ges.

The reactivity of hydrogen halide gases was considered from the
standpoint of a H. gas product, giving e hydrogen-induced cracking
process. For the cracking found in gaseous H.-S, HC1l, HBr, and H,0 :
environments, the reactions of the ges species with iron werc con-
sidered to be:

- FeClo + Ho
Hhg) T Fo(a) T F2(s) T He(e)

QHBI‘(g) + Fe(S) — FeBrg(S) + H;_u(g) R

H;:S(g) + I'e(s) - FeS(S) + Hg(g) ’ and

— FGSO@ IZs

£ + th
kb) w) ‘ (

o) -
(=]

With the use of published thermodynamic data,®?~’Y the equilibrium H,
pressures were calculated, for & reacting gas pressure of 1/1C atm. The
thermodynamic calculations for the water vapor enviromrent were based
on the liquid watzsr specles. The equilibrium H. pressures wcre then
compared to observed crack velocities in each enviromment. For water
vapor, the crack velocity in 3.5% NeCl solubion (Fig. 5%) was used.

The velocity for an H.S enviromment was obtained by extrapolalion of
the crack veloecity -H-S5 pressure dependence reletionship for Region 1T
(Fig. 67). The resulting hydrogen pressure and crack velocity data
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Table IX - Cracx Velocity Estianates Due to Residual
Contaminant Gases in Chlorine Gas Enviromment
[From the work of Yerns and Stachle (G7))

Impurity Vapor Gpecles Crack Velocity® (in./sec) .-
Water (liquid) ' 7 x 107% _E
Water (vapor st 9 x 1077

torr pressure) 3 x1077 T
Hydrogen (at 9 x 10~ torr) 3 x 1077 -i

Hydrogen chloride
(at 9 x 10 torr) 1x 107

-—— e — — o —

Dry chlorine (at 300 torr) 1 x10°°?

*All at Ky = 45.8/47.8 ksi-in." stress Intensity. Crack
velocity assumed to be lipear function of gas pressure for

®Crack velocity assumed to be linear function of water vapor
pressure, with equilibrium vepor pressure beirg 2L torr at
25°C; veloclity in scdium chloride solution (pH = 6.0) is
taken as crack velocity in pure liquid water

are shown in Fig. 70. An apparent trend exists for H-», HC1l, and HBr
species, with H.0 and H.-S showing opposite deviations fram such behavior.
In addition, the experimental H-dependence of crack velocity is shown

in Fig. 70 to be clearly different than that based on thermodynamic
calculations for H-containing gases.

The significant observations regarding slow crack grcwvth in gaseous
environments are that (1) cracking is found to occur at very low pres-
sure (H-S environment), and (2) hydrogen does not appear to be a
required species for slow crack growth (Cl, environment).

Studies by Williams et al.’! have shown that the dissociation of
hydrogen gas greatly increases the crach growth kinetics in high-
strength steel exposeda to the enviroumeni. Crack velocities were
measured for SAE 4130 steel (ultimste tensile strength - 220 ksi) in

a partially dissociated hydrogen gas environment. Using a neated 3
tungsten filament (2000°C), the authors produced partially dissocisted
hydrogen (<1%) from molecular hydrogen gas at 8 x 10™" torr pressure. 4

Crack velocities (at Ky = U1 ksi - in”) were found to be spproximetely
three orders of magnitude greater than those predicted from prior
studies.*”

PYowT

TEMPERATURE DEPENDENCE OF SLOW CRACK GROWTH IN
HIGH~-STRENGTH STEELS

The temperature dependence of crack velocity, for high-strength
steels in aqueous solutions, has resulted in activation energy values
comparable to that for hydrogen diffusion in steel. The temperature ‘
dependencies observed for slow crack growth in gasecus environments 3
show clearly different behavior. ‘
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Johnson and Willner™® have measured the temperature dependence of
crack velocity for H-11 steel in waler and moist argon envirouments,
The data, shown in Fig. 57, give ax activation energy for crack growth
of approximately +9 kcal/mole. Van der Sluys~® reported an activation
energy of 48.1 to +8.7 kcal/g-mole, as shown in Fig. 71l. Both rcsultsi?i9s .
show activation energies which closely sayree with that observed by t
Beck et al.7Y for hydrogen diffusion through an AISI L340 steel membrane o
(tensile strength - 260 ksi). The measured value was 5.2 kcal/mole,

The Y, gas environment studies by Williams and Nelsoni- and
Sawicki?? both show & maximum in the temperature dependence of erack
velocity. These results are shown in Figs. 72 and 73. The activation .
energies observed by McIntyre et al.”® for crack growth in salt water, i
H-~ gas, and H.S gas enviromnents are shown in Fig. T4. No ve=loeity
maximum was observed for the temperature dependence in H» gus.”® The 1
temperature dependence data are summarized in Table X. The temperature ;
t dependencics show considerable disagreement for slow crack growih in ) i
hydrogen gas environments. 3

i
!

FRACTOGRAPHY AND CRACK BRANCHING AQUECUS AND
GASEQUS ENVIRONMENTS ) }

The fracture mode for high-strength steels has been found to be
predominantly intergranular in either aqueous or gaseous environments.
The fractography is, however, a strong function of both the environ-
mental specics and the spplied stress intensity. :

it

Using high-strength AIST 4330M and AISI 4340 steele, Davis™ .
showed tha® cracking of un-notched bent beam specimens occurs along '
prior austenitic grein boundaries for an aqueous 3.5% WaCl environment. : j
Cathodic or anodic polarization showed no effect on fractography.
Cathodic charging in 0.25N sodium sulfide solution greatly decreased
the failure time, with no c¢bservable change in fractography. Fracture | 1
along prior austenite grain bounderies was also reported by Van der 4
Sluys“® for a distilled water environment,

Beachem’* has shown that the fractography of quenched end tempered ’
L4300 - type steels, fractured in an aguecus enviroviment, is & strong !
function of applied stress intensity. Using wedge opening loaded (WOL)
specimens, the author found that intergranular fracture occurs in high-
strength steel (195 ksi yield strength) at low stress intensity values - :
in 3.5% NaCl solution. For the same steel, ductile fracture (preceded :
by a mixed mode fracture) was observed with increasing values of
applied stress intensity. At low K1 values, lover strenglh steel
(172 ksi yield strength) exhibited a quasi-cleavage fracture. Upon
galvanic ccupling to a magnesium anode, the 172 ksi steel also exhibited
intergranular fracture at low Ky velues. The fractography transitions
in the higher strength steel (195 ksi) were not affected by galvanic
coupling. In the ssme study, 4O0°F tempered AISI 43hO steel was found
to exhibit intergranular failure in a H» gas environmeni. Micro-void

st ot atnme i,
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coalesence was the reported fracture mode for 1100°F tempered 4340 steel
in a U, gas environment. Steel tempered at GOO°F or 800°F exhibited a
mixed fracture mode (intergranular, quasi-cleavage, and micro-void
coalescence) in dry H. gas environments.

Changes in fracture mode with applied stress intensity have been
ohserved by Wang and Staehle.?” Martensite AISI U340 steel exhibited
intergranular fracture at low stress intensities in a 3.5% NaCl solution.
An increase in stress intensity was found to increase the amount of
dimpled rupture observed on the fracture surface. The increuse of
stress intensity for bainitle 4340 steel was found tc produce a fracture
mode transition fraom intergranwlar to transgrsnular.

Intergranular failure has been observed for Type 410 and Type L22
stainless steels in 5% salt spray environments,1®

Crack branching is commonly observed in Region II for slow crack
growth in aqueous envirouments. Speidel”® has observed the brenching
phenamenon, as shown in Fig, 48. Crack microbranching, with crack
branch separation distances on the order of one grain diameter, was
observed at stress intensities of 1.k Kigce or greater. Macro-branching
was observed at slress intensities 1.4 times the minimum K value in
Region 11I. Carter ™ bhas found crack branching in high-strength stecels
to occur at Kpp = n Kygee where n varies from 2 to L, The stress
intensily values for bLranching in several high-strengih stceels are
given in Table XI.

Fracture node transitions have been observed in both H, and H..S
gas environments. Sawicki*?® has reported intergranular tracture for
H-11 steel in dry H- gas at low Ky values. With increesing stiress
intensity values, the fractography exhibited increasing amounts of
ductile tearing. Williams and Nelson'~ have reported intergranular
fracture for 4130 steel in gaseous molecular H... The fractography in
partially dissociated H- gas ® showed either intergranular fracture or
a mixed fracture mode (intergranular and ductile tearing). The frac-
tography in both molecular and partiuslly dissociated hydrogen gas
environments was found to be a function of test temperature. ! Ductile
failure was observed above 120°C in molecular H.. gas and telow 0°C in

partially disscociated H.. gas.

Recent fractographic studies™ have shown fracture mode transitions
accampanying Region I - kegion II behavicer in H. gas environments.
Region I frectures for 205°C or 315°C tempered AISI W335V steel ure
characterized by primarily irtergranular fracture. Mixed mode frac-
tures, with dimpled rupture and secondary cracking, are observed in
Region I1. Figure 75 shows SEM fractographs (Regions I and II) for
205°C tempered 4335V steel. Fractographs for 315°C tempered steel are
shown in Fig. 76. Mixed mode fractures were observed for 540°C tempered
DGAC stecl (Regions I and II), as shown in Fig. 77. Figure 78 shows
the ductile failure observed with 595°C tempered DGAC steel.

104




N NS WS el bl el el e bl b f (5 bl

INTRA U§BLI20UN,

PAIND BINITRG-0%3-3UTY *8A Flj Jo sdeys way pexmasy,

32T INSBIT A PIVICUI35(-

(9L) q3wei8ucd  0°2-g°T 6°69-6"€n g2 ZotT 96T
(9l) aueisuo)d T°g-5°T 4°6L-9°04 #SE 911 002
(8L°9.) [3we3Isuod  T°g-5°2 4°22-0"Q% 02 58 o2z
(ol) W3uw3sucy  Z'n-g°E g os-0"4n gt 69 £42

AOBJISSII anFIqed JO 4T 38 FUuTyouwsd J0; SUOT,TLUCH

(uwesa) T°x2

0’12 002
G Ge 66T
i L6T  Set
{{L] J3uB3sU0) Nz Tz €01 01 2y Ot
(usam) 2°az
2715 G602
L' 22 €61
{LL) J3wm3am0p Lz 9 ¢z A ot 9t 4%
(usam) 1°¢6
0°Lg (44
. [OhFA g in
y 0°ES [}
{9L) q3um®3su0) S € 061 =33 ST 69 9t
(weam) +°2¢
2" 56 ¢ 1e
2'gs 1°52
{#2) «3uB38U0D 12 B 2% L e ne €9 otz

APBID UCTSOIIO) $89J3E JO JUTUOIURLY JOJ BUOTLITPUOD

Z,006 %8 AOEER

o
STIUTHY S840 OEKO~0D04-Ti

FutFeren
I,006 385 34 G a3y “p8dE 0L

3,066 38 XY € vaFy azerd oGt
d,006 38 14 g paEy LreX? Q%

{1318y 190}

7

I.006 I EHTO-05q- NG

2,008/ .05, &b

+90T3STI8308I8LD (rears) (rurprsd)  (Curprs) (CutpTeN) (CUTATSY)  (T5W)
A3300TaA HoRI) oumhx\nﬁm |ln\wm —_ :Mmm4 lw\wx YsFUaILg

Eu B PTaIX

3UaW3e3.Ty, 18sH Loy

:mS 133480 JO MI0M 3ayj3 WOIJ)

876928 13¥UaIAS YBTH UT BUTUIUEIT ¥DRI) I0J BUOTITPUOD - IX 3TqRl

A

—




Kr = 20,8 ksi-in.” (Region I)
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K = 54,1 ksi-in,” (Region IT)

Fig. 75. SEM Fractograyhs of AL 4335V Steel (205°C temper)
Tested in Dry . Gas [From the work of Kerns (36))
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Ky = 20,8 ksi-in,”

Ky = Sb.l ksi-in.”

(Region I)

(Region II)

SEM Traclographs of AISI 4335V Steel (315°C temper)

Tested in Dry H. Gas
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Ky = 33.3 ksi-in.” (Region I)

K = 83.2 ksi-in,” (Region IT)

Fig. 77. SEM Fractographs of DGAC Steel (50°C temper)
Tested in Dry Hs Gas [From the work of Kerns (30)] :

108



- ettt

{
i
:
1
1
H
1
é
ki
3
3 )
.
4
1
9
| 3

> itk L e

P30 VPSR XL TRV

Ky = 133 ksi-in,”

Fig. 78, SiM Fractographs of DGAC Steel (595°C temper)
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The fracture mode for 205°C tempered 4335V steel in H-S gas was
found to be intergranulsr in either Region I or Region I1.2¢ Figure 79
shows SEM fractographs for the Ho5 environment, This is in contrast to
thg fracture behavior for the same steel in a H, gas environment (Fig.
7).

MECHANISM OF HYDROGEN EMBRITTLEMENT

In order to examine the stress-corrosion cracking of steels, it
is necessary 10 review the posgible mechanisms whereby hydrogen, as the
critical species, assists in the fracture process, There are three
outstanding theories; i.e,,

(1) pressure theory of Zapffe and Sims,
(2) adsorption theory of Petch and Stables, and
(3) 1lattice bond theory of Troiano.

Zapffe and Sims’ have proposed that hydrogen embrittlement results
from the precipitation of molecular hydrogen at structural defects in
the stzel. The resulting gas pressure exceeds the "elastic strength"
of the steel, More recently, Tetelman®“ has proposed that pressures of
molecular hydrogen, precipitated at defects (voids or micro-cracks)
ahiead of an advancing crack, will producce inbernal stresses in the
steel., ©Such stresses reduce the required external stress for crack
propagation.

The Troiano model® proposes that electrons donated from inter-
stitial hydrogen atoms enter the d-band of transition metals. The
increased electron density increases the inter-atomic spacing of the
lattice, thereby reducing the cohesive strength of the metal.

The adsorption theory of Petch and Stables®1,8° proposes that the
surface energy requirement for crack extension, in the Griffith
criterion, is lowered by the adsorplion of hydrogen gas at the crack
tip.

The hydrogen embrittlement theories are seen to result fram two
approaches. The Zapffe and Sims’” and Tetelman® concepts propose
additional internal stresses which reduce the required external stress
for fracture. The Petch and Stables concept®™ and the Troiano model”
propose that the cohesive strength of the lattice is reduced, again
giving a lower required stress for fracture.

It is equally significent to realize the shortcomings of the pro-
posed hydrogen embrittlement models,

Crack propagation has teen observed in high-strength steels exposed
to molecular hydrogen gas at pressures down to 10 torr (Fig. 62). 1In
such cases, no equilibrium hydrogen activity gradient exists (between
the ges phase and the metal lattice) such that internal hydrogen pres-
sures, sufficient for lattice bond de-cohesion, can eixst within the
steel. Therefore, the valii'ity of the pressure theory’ '»*" is questioned.
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Kr = 20,8 ksi-in,” (Region I)

Kr = 54.1 ksi-in,” (Region II)

Fig. 79. SEM Frauctographs of AISI U335V Steel (205°C temper)
Tested in H. Gas [From the work of Kerns (36)] 4
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The Petch theory®l is questioned from the standpoint of the frac-
ture strength of reel meterials, as well as its inconsistency with
observed cracking behavior in gasecus enviromments. Tetelmau and
McEvily®® have stated that for materials having yield strength values
less than the theoretical cohesive strength of the lattice, the effect
of surface energy on the tolal energy required for fracture is negli-
gible. Secondly, the lowering of surface energy (of the metal) by gas
adsorption implies, via the Gibbs and Langmuir isotherms,”? that a
higher heat of adsorption for the gas species will result in a greater
reduction of metal surface energy. This is predicted by Petch,%?!
However, oxygen is known to adsorb on ircn more strongly than hydrogen®?
and yet halts cracking in gaseous enviromments,~S»>"®»43y83  Therefore,
the Petch and Stables theory does not fully explainr the cracking behavior
in steels.

There have been no cbserved effects of hydrogen, at levels less
than 1C ppm, on the lattice bond energy of iron. Therefore, the
Troiano model- has yet to be substantiated by experiment.

MODELS FOR SILOW CRACK GROWTH IN
HYDROGEN -CONTAINIUG ENVIRONMENTS

Several models have been proposed tn describe the slow crack growth
egz for high-strength steels in either gaseous or aqueous environ-

Troiano and Ficelle®” have related stress corrosion in high-strength
steels 1c the stress-inducec diffusion of hydrogen to the elastic-plastic
interface below the crack tip. The accumulation of sufficient hydrogen
at the interface (rislon of high triaxial stress) results in crack
initiation, and an iucremental advance of the main crack front. Such
a model is consistent with the acoustic emission phenomena observed
during discontinuous slow crack growth in high-strength steels.,'”-%¢
It is also in agreerment with the predicted effect of stress on the
activity or hydrogen in steel.®? The effect uf strength level on
cracking susceptibility is explaincd by the magnitude of elastic tensile
stresses attainable at the plastic zone boundary, sud their effect on
the equilibrium hydrogen concentration at the elastic-plastic interface.
The model does not, however, explain the effect of enviromment on the
activity of hydrogen at the steel surface,

Beachew’ * has proposed that the fracture modes observed in agueous
media are primarily a function of the microstructure, with hydrogen
assisting the fracture process. At low stress intensity vslues, inter-
granular fracture is felt to be the energetically favorable fraclure
process. Higher mechanical energy inputs (larger K values) favor tl.e
quasi-cleavage fracture mode. Sufficiently large plastic zone sizes
(larger K values) may contain inclusions which then sct as nucleation
sites for fracture by micro-void coalescence. The significant feature
of the Beachem model is that the hydrogen species can assisi ductile
failure by "unlocking dislocations,” permitting plastic flow to occur
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al reduced external stresses. Such "hydrogen-assisted" cracking is not
in agreement with fractographic features observed in gaseous HoS
environments. The H-S species has been shown to (1) rapidly dissociate
on an iron svrface,’ and (2) accelerate the entry of hydrogen into
iron."'+»%2 In view of such bzhavior, and the high crack velocities
for high-strength steels in Ho5 environments, the Beachem model would
suggest a more ductile fracture in HsS environments (as compared to
aqueous solutions or H, gas). Figures 75 and 79 clearly show that for
the same applied siress intensity failures in HoS gas environments arc
less ductile than those in Hs gas.

Crack growth in molecular H, gas has been described by the chemi-
sorption model of Williams and Nelson.*” The rate-controlling process
for slow crack growth was described as the activated adsorption of
hydroger adatoms on the surface of the steel. Porter and Tompkins’3
have previously described such hydrogen chemisorption by the activated
surface migration of hydrogen atoms from "initisl adsorption sites"”
to "final adsorption sites." Using the Porter and Tomkins rate 2qua-
tion, Williams and Nelson*” have explained the isobaric temperature
dependence of crack growth in dry H, gas (Fig. 72), and the pressure
dependencies of crack velocity (Fig. 59). The cracking mechanism was
attributed to a lowering of surface energy by the model of Petch and
Stables.B1,8=

Oriani’* has reviewed the Williams and Nelson mode, arriving at
clearly different pressure dependence predictions for the rate of
adsorption (hence, crack velocity). Additicnal examination of the
chemisorption model by Johnson and Sawicki '' '.as shown that the Porter
and Tompkins chemisorption rate equation was applied“e at much higher
temperatures and pressures than those of iis originael derivation.

The fractional surface coverage by physically adsox:ed molecular
hydrogen has been described by the Langmuir isotherm, ai.. included as

an "effective area" term in H, permeation rate expresoi sf” and in the
chemisorption rate equation of Williams and Nelson.™ 'vohnson and
Sawicki™ have shown that the use of such "effective ar " expressions

is inconsistent with thermodynemics.

The rate of gas impingement is not a reasonable explanation, since
the H,S pressures required for slow crack growth in high-strength steel
are approximately three orders of magnitude lower then the H, pressures
required for the same crack velocity (Figs. 61 and 67). The substantial
effect of hydrogen disscciation, however, is observed in both Regions I
and II. Williams et al.”* have shown that partisl dissociation of
hydrogen accelerates cracking by several orders of magnitude at a stress
intensity of 4l ksi - in.! 7 (approximately 2/3 of Ky for the steel).

On the tasis of other data (Fig. 20), this stress intensity value
appears to be in Region II. Other studies™® have shown that the addi-
tion of HsS (2 vol%) to hydrogen gas increases the Region I erack
velocity by two orders of magnitude. Crack velocity data are given in
Table XII, and may be compared to the expected H, gas environment
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velocity fram Figs. 20 and 6 fer 20 torr H, gas and Kj = 25 ksi - in.x/2,
Thus, the addition of H.S gas, with the established effect on hydrogen
reconbination kinetics,®! greatly accelerates cracking in Region I.

It 1s then concluded that several inadeguacies exist In the models
for crack growth in dry Hy gas environments. The isothermal varjation
of crack velocity pressure dependence with applied stress intensity has
not been explainel by either the Williams sund Nelson*~ or Sawicki*®
models., The effect of secondary cracking, or bifurcation, has not been
considered as affecting the stress intensity and crack growth behuavior
in Region II.

ROLE OF CATALYTIC POISONS IN ACCELERATING
STRESS CORROSION CRACKING

The specific role of cathodic polsons in hydrogen permeation fram
aqueous media has been investigated by Smialowski”™’ using an iron base
5% Ni alloy and rotating disc electrode techniques. Additions of
cathodic poisnns were found to enhance hydrogen permeation through the
Fe-Ni alloy from a O.1N Na-S04 solution acidified to pH 2.6 with H»SO4.
Above a limiting cathodic current density of 12 mA/cm”, the poisoning
effect of 5e0-, and thiourea additions strongly decreased; this is shown
in Fig. 80. It is proposed?” that hydrogen eniry is promoted by hydride
species (AsHz, SbH3, HoS, HoSe). The hydrides absorb on the metal sur-
face, giving a detached hydrogen atom;

2M + AsHy — M AsH, + MH .

Such adsorption is believed to alter the surface structure of the metal,
thus promoting hydrogen entry. Above a limiting cathodic current
density, however, the solution becames depleted in hydronium ions
(hence, alkaline). Since HoS and H-Se are unstable in alkaline solu-
tions, the poisoning effect ceases. The predicted stability for H.S
agrees with the minimal effect of H.S additlions on cracking in aqueous
media for low pH values (Fig. LO}).

A similar dissociative adsorption of HsS gas has been found to
occur on iron.”™ The effect of HoS in gromoting hydrogen entry fram
the gas phase has &lso been established”  and agrees with the cracking
belavior of high-strength steels in gaseous environments. However,
the specific role of the hydride species in assisting hydrogen entry
is not clear at this time,

INTERACTION OF HYDROGEN WITH THE
MICROSTRUCTURE OF STEELS

The understanding of both hydrogen embrittlement and stress-
corrosion cracking is hindered by a lack of knowledge as to the location
of damaging hydrogen within the metallurgical structure. It has been
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proposed that hydrogen traps exist within the structure of iron (or
steel) ttus explaining diffusion encmalies at low temperatures (< 200°C).
However, the damaging hydrogen is clearly mobile and thus irapping does
not offer a camplete explanaticn for embritilement,

The "trapping" concept was first introduced by Darken and Saith''®
and has since been applied in explaining the anomalously low diffusion
coefficients for hydrogen at ambient temperatures in iron or steel,®’=3¢?2
Hill and Johnson”' have shown that the activation energy for hydrogen
diffusion in q-iron is +3.0 kcal/g-atom above 200°C. Below 200°C,
however, the activation energy is +7.8 kcal/g-etom. The difference is
attributed to trapping of hydrogsn, with trapping energy for hydrogen
of 4.8 kcal/g-atom. The nature of the traps was not specified.

Oriani!V  has related the trap density in steel to the non-ideal
hydrogen diffusion coefficient observed at ambient temgeratures. Trap
density values were estimated to be on the order of 10+%cm™ for a
variety of steels. Solid-solid interfaces were proposed as trapping
gites in non-cold worked sbteels, with micro-crack surfaces being more
probably trapping sites than dislocations in cold-worked steel. Intexr-
action energy estimates for trapped hydrogen were based on the results
of other investigators, and ranged from 4.7 to 8.7 kcal/mole H.

Kim and Loginow'©! have releted "tramming" effects to susceptibility
to delayed failure. Using a martensitic 3.Ni-1.5Cr-0.5Mo-0,13C steel,
the investigators varied the 0.2% yield strength level from 95 to 150
ksi. The amount of hydrogen absorption was determined, as a function
of strength level, by immersion of 0.75" cube specimens in a 3% NaCl+
0.5% acetic acid solution, saturated with H.S. The saturation value
for hydrogcn adsorption was found to increase with strength level.
Hydrogen diffusivity was measured using electrolytic permealion tech-
niques and found to be inversely related to strength level. Lower
apparent diffusivities of hydrcgen were observed for higher stirength
steel and attributed to trapping of hydrogen. The delayed failure of
unnctched tensile specimens in the same charging solution showed a
decrease in fallure time with increasing strength level. kstimates of
lattice-dissolved hydrogen were found to be independent of strength
level, Consequently, the delayed failure kinetics were attributed to
trapped hydrogen in the steel, Interface boundaries, structure defects,
impurity atoms, or internal free surfaces were suggested as possible
trapping sites.

Kortovich and Steigerwald''® have investigated hydrogen diffusivities
and crack velocities for four martensitic high-strength steels. Pre-
cracked specimens of 4340, H-11, D6AC, and 9-4-LU5 steels were tested in
a distilled water environment. The average crack velocities were com-
pared to measured hydrogen diffusivities in the steels. The resulting
relationship, shown in Fig. 81, suggests that lower hydrogen diffusivities
resuit in lower crack velocities. Thus, hydrogen trapping does not
appear to explain crack growth kinetics.
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Kikuta et al.'Y? have shown that hydrogen-dislocation interaction

may e related to the embrittlement phencmena, Notch tensiie specimens
3 of pure iron and HIBO steel were thermally cherged with hydrogen and
cold-rolled 10%. Internsl friction measurements were then made. The
notch ternsile sirength of each material was found to vary inversely
with the height of the hydrogen-cold work peak, suggesting a signifi-
cant hydrogen concentration in the stress field of a dislocation. The
effect for pure iron is shown in Fig. 82, A hydrogen-dislocation inter-
cction has also been suggested by Bastein et al.'V und by Sturges et al.i%®

The application of an elastic tensile stress has been shown by

4 Beck et al1.7? to enhance hydrogen permeation through steel. The observed
L effect has been attributed to a lowering of the chemical potentisl of
hydrogen by a tensile stress field. Such an interaction suggests that

E regions of coherency strain, as well as dislocation stress fields, are

L favored locations for hydrogen in the steel.

It has not been estsblished, however, that such trapping of hydrogen
is responsible for the embrittlement of steel. Similarly, the inter-
= granular fracture mode observed in high-strength steels has not been
adequately explained by such interaction of hydrogen with the defect
l structure in steels.
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Fig. 82, ©Notch Tensile Strength of Aged Iron as & Function
of the Hydrogen Cold-Work Pesk Height [Fram the
work of Kikuta et al, (LOL)}]
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PART II - EFFECTS OF ENVIRONMENTAL SPECIES AND METALLURGICAL
STRUCTURE IN THE HYDROGEN ENTRY INTO STEEL

R. D. McCright
R. W. Staehle

INTRODUCTION

The entry of hydrogen into iron-base alloys is usually an undesired
reaction because of the damage that hydrogen causes to the physical and
mechenical properties of the metsl. Species present in the environment
have & profound effect on the quantity of hydrogen that can enter
nmetals. A few cases of practical concern are sulfides in crude sour
gas wells, vesllual traces of arsenic compounds in acids, cyanide in
plating solvtions, inhibitors added to pickling solutions. In all of
these examples, the sulfide, cyanide, etc., caused a hydrogen-related
problem that would not have existed in their absence, The purpose of
this paper will be to examine the nature of the environmental species
which influence hydrogen entry and the conditions under which they
operate (pH, temperature, eslect of metallurgical structure), and
finglly to discuss the mechanism.

THE HYDROGER: EVOLUTION ANRD HYDROGEN
ABSORFTION REACTIONS

An undergtanding of the role of envirommental specles and metal-
lurgical structure in the hydrogen entry problem depends on an under-
standing of the basic characteristics and considerations of the hydrogen
evolution reactior: (HER) and the hydrogen absorption reaction (HAR).

The Hydrogen Evolution Resction

Many previous publications have described in detail the
kinetics of the HiF un varicus metals.':%:® Decausc of the extrenme
variation of the exchange current density (some ten orders of magnitude)
found for the HER on various metals, considerable changes in the re-
action mechanism and energetics are thought to occur from cne metal to
another. Consideration of +the mechanism of the HER is germane to the
discussion of the bhydrogen absorption reaction, because the latter is

a side reaction.

Even a reaction as simple as the HEK occurs in a number of
conszcutive steps; 1.e., (1) transport of a hydrated proton (Hs0)* to
the double layer, (2) luss of ihe water of hydration shield in the
vicinity of the double layer, (3) adsorption of the proton to the
electrode surface, (4) discharge (electronation) of the proton to an
adsorbed hydrogen atom, (5a) chemical combination of two adjacent
hydrcoger adatams to form a hydrogen molecule - possibility of surface
migration between site of discharge and site of recombination,
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(5b) electrodic cambination of an adatom and & proton to form a hydrogen
molecule, () desorption of H,, (7) bubble formations as H, molecules
coalesce, and (8) evolution of bubbles. Jonditions of interest are
usuully such that steps (1) and (8) are rarely limiting. In addition,
steps (2), (3), and (7) are thought not to affect the overall reaction
rate., Therefore, the steps of interest are the discharge stiep, one of
the cambination steps (5a or 5b), and the desorption step. The combi-
nation and desorption steps are usually combined because of the weak
affinity for H» to chemisorb. Thus, the HER occurs in two important
steps; i.e., discharge followed by chemical or electrochemical combina-
tion. Either of these steps may be the rate-determining step (rds) or
they may proceed in lock-chain fashion (coupled reaction).

McBreen and Genshaw! calculated the various rate expressions
for the reuction paths. These rate expressions involve the overpotentiasl
ond current density, quantities which are physically measurable. The
etergetics of the adsorption step affect these rate expressions. In
Table I, where some of the derivations of these expressions are summa-
rized, the Langmuir isotherm (a1l energy sites equal, no change in the
heat of adsorption) and the Temkin isotherm (the heat of adsorption
decreasing linearly in the algebraic sense with the coverage). The
Langmuir iscotherm is generally valid at low coverages and the Temkin
at higher coverages.

T

Thea oy en Al sorp+“'|nn Reaction

ALk A v el ST LIC0OHNL

Rate expressions for the absorption reaction are written in
the form: rate = constanl X concentration term. The "constant"
involves a frequency term v and an exponential term which in turn
involves an activation energy for the absorption process. If the source
of hydrogen is the monatoric gas that adsorbs to the metal surface, the
rate of entry is

r=v 08 Mg exp(-AIX/RT) , (1)

where M; is the number of metal sites available for adsorption, O is
the fraction of these covered, and AH* is the aclivation energy for the
adsorption step.

Oftentimes the HAR is studied by permeating & thin metal
specimen, The following eguation obtains:

P =D(Cq - C)/L, (2)

where Cy is the subsurface concentration at the entry side, Cj, is the
concentration at a depth L, D is the diffusivity of hydrogen, and P is
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the steady state permeation rate. It is seen fram the equation that the
entry concentration governs the magnitude of the gradient because Cf, is
generally made very low by experimental design.

Models of hydrogen entry

Two mcdels for explaining hydrogen entry into the metal have
been proposed. The first of these, which was developed by Bockris and
ThackerS:® at the University of Pennsylvania, consider that the hydrogen
enters in the same elementary form as it exists on the surface; that is,
atomic or nascent hydrogen. 1In the second model hydrogen enters
directly from a discharged proton (hydrogen ion) and does not pass
through the intermediate adsorbed phase. These models are schematically
depicted in Fig. 1.

In the Bockris-Thacker or "Fennsylvania" model the absorption
step and chemical desorption (recombination) step are campeting. The
absorption step (step 4) is written as a "fast" step meaning that
equilibrium is attained rapidly and the step proceeds vith little
activation energy. In the figure the k's are the specific rate con-
stants for the various steps. The subscriplts 1 and -1 refer to the
discharge step and 4 and -4 to the absorption step. The chemical
desorption step can be replaced by the electrodic desorption step (ka
and K.s rate constants) if that mechanism occurs.

In the Russian model the hydrogen ion is discharged and
passes immediately inlo the metal with no intermediates involved. 1In
other words, the HAR is competing for the same discharged protons as
the HER. The specific rate constant for the absorption step in this
model is denoted by the subscript 5.

Horiuti and Toya7 have described two models of hydrogen chemi-
sorption that relate to the two models of hydrogen enitry. 1In the so-
called r-type adsorption, shown in Fig. 2, the hydrogen adatoms are
outside the electronic cloud but immediately atop a corresponding metal
atom. The distance of the metal-hydrogen bond is about 2.5 L. The
bonding is largely covelent, with the hydrogen being the slightly nega-
tive member of the dipole. In the s-type adsorption, the hydrogen
adatom is partly within the electronic cloud of the metal. The hydrogen
behaves more like a proton dissclved in the surface layer and the bond-
ing is more ioniec, with hydrogen being positive., This situation
represents a higher energy state than r-type adsorption, but lattice
defects and other surface imperfections significantly reduce the energy
and favor s-type adsorption. These adsorption variations influence the
electrical resistivity of films, and frar such measurements on nickel
and platinum, r-type adsorption dominates at low hydrogen coverages
and s-type at higher coverages. The entry model based on entry from
adsorbed adatoms is analogous to r-type adsorption, while that for
entry from protons corresponds to s-type adsorption.
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Fig. 1. Models for Hydrogen Entry into Metals: (A) Absorption
from Atamlc Hydrogen, (B) Absorption fram Protons
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Energetics of the HAR

Bockris, Genshaw, and Fullenwider® considered the electrolytic
hydrogen permeation into a number of metals and calculated the energy
requirements for the reaction. The energy of the absorbed hydrogen
should be the same regardless of its source (aqueous solution or gas),
although the energy of the intermediate adsorbed phase may be different.
These authors perform permeation experiments at several temperatures so
that they were able to obtain a "heat of activation for permeation.”

By using equation

= (ZFD Co/L) , (3)
and neglecting the dimensional change with temperature,

R[5 15/3(1/1)] = R[Bé’mD/B(l/’I')] + R[aanco/a(l/fr)] ()
and :

ND* = NHZ* + AT, (5)

where AHZ* is the "heat of activetion for permeation," and AHB* is the

"heat of activation for diffusion" hence the superscript. These terms
are defined at zero overpotential; thelr difference gives the "heat of
solution" for hydrogen in the metal, AHS For Fe the calculated heat

of solution is 7.04 kcal/mole (based on the data of Bryan and Dcdge)
for absorption from the monatomic gas phase. A value of 5.0 kcal/mole

IRV T

was calculated for absorption from the soluticn phase at an overpotential

of 300 mV cathodlc. Considering the correction for overpotential, the
value of AHS in iron is about 8.5 kcal/mole and is endothermic.

The heat oY solubion determines the solubility of hydrogen in
the metal. The more excthermic the heat of solution is, the greater
vhe scl-»i1ity. Some other values of AHS calculated by these authors

are -4.1 keal/moie for Pd, -O.4 kcal/mol= for Ni, and 0.3 kcal/mole for
Pt. This is in the same order as the solubility of hydrogen in these
metals: Pd > Ni > Pt > Fe,

Relationship of the HER and HAR

If the analysis of kinetic derivatives is carried out for the
models of hydrogen entry presented abova, the models lead to different
predictions for the dependence of the entry rate on the experimental
conditions of potential or current density maintained at the entry
sarface. Details of the analysis are given in previous papers?»" and
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it will suffice here to give the results in tabulated form, In Table IT
the kinetic derivatives are given for the dependence of the steady state
permeation current on the cathodic charging current. These are indi-
cated for each of the mechanisms and adsorption isotherms discucsed in
relation to the kinetic derivates for the HER. Similarly, in Table III
the kinetic derivatives are given for the dependence of the permeation
current in the cathodic overpotentiel. All of these relationships per-
tain to absorption fram the adsorbed phase (Model A in Fig. 1). For
Model B, direct entry of hydrogen from the discharge step, the relation-
ships are

P ) RT .
-(5q/8m1p)PH =7 (6)

and
(d¢en i;/a'c’ni)pﬂ = 2 (7)

This last prediction that the permeation current density depends on the
square of the cathodic charging current has not been observed in perme-
ation experiments. Rather, the dependence oftten cbserved is that the
permeation current wvaries ag the square root of the charcing current.
This information, along with the dependence LRI'/F of the cathodic over-
potential with the permeation currert, has led to the conclusion that
hydrogen is absorbed from the adsorbed atomic phase, In additiuu, valu-
able information about the mechanism of the HER on iron has been obtained
by measuring the hydrogen permeation through iron, determining the
kinetic derivatives, and eliminating some of the ambiguities resulting
from consideration of the kinetic derivatives of the HER alone (Table I).
Such an analysis indicates that the mechanism of the HER on iron in

acid solution is a coupled discharge-chemical desorption mechanism; in
alkaline solutions the same mechanism prevails until overpotentials are
about one volt, beyond which the rate determining step is electrodic
desorption.”»*” At least for the additives made to the solutions in
this work (KI to H»S804 and KCN 1o NaOH) the same mechanisms prevail in
the presence of promoter species, Similarly, Shreir found that arsenic
compoundst? added to H,S04 resulted in a dependence of the permeation
current on the square root of the charging current, which is the s=ame
dependence which occurred in the un-poisoned solution. For selenium and
tellurium additions some small deviation from the square root dependence
was noted, Thus, il appears that additions of promoler compounds do

not significantly change the over-ali-mechanistic aspects of the HER,
but that slight modifications of the potential energy barriers for the
desorption step of hydrogen could lead to substantial increases in the
HAR.

Although in aqueous solutious dependence of the permeation
current on the charging current is less than order two predicted by the
direct-discharge model, entry from the gas phase may cccur through
direct discharge of hydrcgen into the metal,*”
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Table II. Relationship of Permeation Current (Steady State)

to the Charging Current

Mechanism

— —— et

(dmip/doni )P&

Langmuir Adsorption

Temkin Adsorption

Discharge RDS,
Chemical Desorphtion

Discharge,
Chemical Desorption RDS

Coupled Discharge-
Chemical Desorption

Discharge RDS,
Electrodic Desorption

Discharge
Electrodic Desorption RDS

Coupled Discharge-
Electrodic Desorption

0

1/2

1/2

-2

0

Table III. Relationship of Permeation Current (Steady State)

to the Overpotential

Mechanisn

-(aq/BZniﬁ)PH

Langmuir Adsorption

Temkin Adsorption

Discharge RDS

Chemical Desorntion

Discharge,
Chemical Desorption RDO

Coupled Discharge-
Chemical Desorption

Discharge RDS,
Electrodic Desorption

Discharge,
Electrodic Desorption RDS

Coupled Discharge-
Electrodic Desorption

=
R R R

Rr
F

3R1

2F

RL

2F
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Experimental determination of the HAR

Experimental determination of the rate of hydrogen entry into
iron and iron base alloys falls into three categories of experiments.
These are hydrogen permeation analysis, analytical determination of the
hydrogen absorbed, and measurement of scme physical or mechanical
property of the metal which is influenced by absorbed hydrogen.

Consider the permeation analysis. In this type of experiment
the metal functions as a membrane permeable to hydrogen. The source
of hydrcgen can be either a gas at elevated temperature and/or pressure
or an aqueous solution with or without an applied cathodic potential.
The amount of hydrogen permeating the specimen is measured by the pres-~
sure increase at the exit side in a partislly evacuated enclosure or by
measuring electrochemically the current increase al the exit side where
a potential sufficiently anodic to oxidize the effusing hydrogen is
maintained. The permeation experiment affords the advantage of charging
the specimen and measuring the hydrogen entry rate in the same experi-
ment. Also the experimenter can easily change the experimental boundary
conditions (gas phase composition, temperature, appiied potential,
solution composition, 7iI, and thereby measure the direct influence of
these variables on the permeatior rate, and can even change conditions
in the course of the experiment. This technique is quite sensitive;
vermeation currents on the order of 1 uA” are readily measured, which
corresponds to a flux of 107** moles H/sec.

The second general technique involves exposing the specimen
to the enviromment causing hydrogenation of the specimen and then
determining analytically the hydrogen content by vacuum extraction,
usually at an elevated temperature, and meas:.ring the volume of gas
extracted. Since it is possible to estimate hydrogen contents to
0.001 ppm, this technique is quite se sitive. However, this process
is very tedious with respect to the permeation experiment. Other diffi-
culties arise with regard to accuracy because the specimen must be
transported from the charging apparatus to the vacuum apparatus and
same aydrogen may be lost frum the specimen, particularly in the case
of iron and other ferritic structures where the diffusivity of hydrogen
ard effusion rate from the structure are high.

The third category of experiment is one in which the specimen
is hydrogerated and then undergoes a physical change. Among cammon
physical snd mechanical properties sensitive tco hydrogen absorption and
which have been measured are elongation, ductility, electrical resistiv-
ity, tensile strength, area reduction, ard shear strengtl.. Problems
encountered are finding a suitably sensitive property, since the
specimen must often be severely hydrogenatrd., Ofteniimes, small con-
centrations of substances which decidedly accelerate the kinetics of
the HAR must be added to the solution to ensure a measurable change in
the property. A further point of discussion js whether the property
change is determined in situ or after the hydrogen charging. In the
latter case hydrogen m+y effuse out of the specimen. The great utility
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of this type of experiment is that the information obtained is often

directly applicable to practical problems of hydrogen deawage to metels,
whereas the permeation and aanalytical determinations give only the rate :
and amount of hydrogen present, which may cr may not be damaging. 1

ROLE OF ENVIRONMENTAL VARTABLES ON THE HAR

:
From a fundamental peint of view the rate of the HAR depends on the %
chemical potential of the adsorbed and absorbed phases (or the proton .
and the absorb:d phase if direct discharge occurs) and the concentration ‘.
of adsorbed hydrogen. The difference in chemical potentials determines
to a large extent the "activation energy" for absorption. The concen- C
tration of adsorbed hydrogen is usually expressed In terms of the
fraction of surface sites. Neither of these varisbles - chemical
potential and the resultant activation energy nor the surface coverage
of hydrogen on a corrodible mstal such as Fe are directly measurable.

il skl s i

From an experimental point of view the extent of the HAR is con-
trolled ty: (1) the potential of the metal (and hence the current
density); (2) the pH and composition of the solution; (3) the presence
of certain species called "promoters"” that catalytically faver hydrogen
absorption; (4) the temperature, and (5) the presence or absence of
stress.

In the sections to follow, the above experimentally controllable
variables will be described. When possible, their relation to the more
fundamental terms will be discussed.

Effect of Potential

The electrochemical potentiaml influences profoundly the HER
and consequently the HAR. Not only does the potential eanter into the .
rate eguation in the exponential part, but alsc the potential affects :
the surface coverage in the pre-exponential part. From a8 thermodynamic :
point of view, the activity or fugacity of the hydrogen on the solution
side of the intertace estetlishes iLhe boundary conditicn thet in turn
determines the concentration of dissolved hydiogen inside the metal.
Many attempis have been made in applying Sievert's Law to the situation
of cathodic charging, since the hydrogen content in the metal is amenable
to analytical determination, whereas the "pressure" (or fugacity)
envoking the concentration is not readily determinable. These attempts
have led to calculations of pressures much in excess of the yield and
even fracture stress of the metal. Locally high pressures may in fact
exist in small asperities at the surface of the metal where hydrogen
evolution occurs. Access of hydrogen away from these asperities is
blocked and an enormous driving force is created. The concentration
of hydrogen inside is locally supersaturated. Supersaturation is pro-
voked by local plastic deformation and the resultant inecrease in solu-
bility in these regions. In a way it is very difficult to correlate
meaningfully deta representative of the bulk (such as pressure and
hydrogen content) when these localized processes dominate the situation.

i
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This effect 1s exemplified in Fig. 3, where calculations of
the theoretical pressure as a function of the overpotential ana actual
pressure determinations are shown. The pressure measurements were deter-
mined ss a function of the potentisl by permeating and collecting the
hydrogen through & thin iron membrane. Calculations of the virtual
pressure in equilibrium with the hydrogen in tkhe metal were also mede,
One can see the great divergence in the two pressures.t?

Thus, although fuandamentally crucial to establishing the con-~
ditions for hydrogen entry, the role of the potential wes evalusted in
a quantitatively predictable way is experimentally dependent.

Effect of Solution Camposition

At the corrosion potential the hydrogen entry kinetics increases
with the acidity of solution. In alkaline solutions a cathodic potential
must be applied to effect hydrogen entry, since the corrosion potential
in these solutions is above the reversible potential for hydrogen evolu-
tion. However, when hydrogen sbsorption rates frowm scid and alkaline
solutions with the same applied overpotential or current are compared,
the rate is much higher in the acid solution. Thus, the lower the pH
is, the higher the eniry rate will be.

All other experimental conditions being the same, the anion
sometimes alters the hydrogen desorption reaction., In studying the
pickiing of low-carbon steel in variocus strong acids, Hudsonl'? measured
the corrosion rate and amount of hydrogen absorbed by the steel. The
acids used were H.,S04, HuPO4, HC1 and HNO., Very little hydrogen was
absorbed during pickling in HNO4 despite a high corrosion rate. Else-
where, it is reported that hydrogen embrittlement effects are small or
non-existent in HNO; because the nitrate ion is easily reduced by
freshly discharged nascent hydrogen to NO», NO, N.», or NHgy, depending
on tne circumstances. In some cases, nevertheless, nitric acld can
provoke embrittlement when present in the concentyation range 0.3 -

0.8 N. At stronger concentrations nc embrittlement and little absorp-
tion result. The nitrate ion, especially al high concentrations, shifts
the potential in the noble direclion which lowers the kinetics of the
HER and consequently the HAR.

With regard to HCi, H.;850,, and HaPO4 the hydrogen absorption
rate at 38°C was generally lower in phosphoric scid than in the others
for a range of acid councentrations between .05 and 10 N. as the
temperature increased the absorption kinetlics decreased; the highest
rates were observed in H,504. However, when these data are compared on
an intensive basis as the ratio of absorbed hydrogen to that theoreti-
celly produced by the corrosion of the steel, the rautio is highest for
HaP04 fcllowed by H-S04, then HCL. The ratio decreases with time and
with increasing temperature owing toc the rapid increase in the dis-
solution kinetics of the steecl.
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At moderate pH values the presence of acetate seeuns to improve
the hydrogen eniry kinetics. The permeation rate of hydrogen cathodi- ’}
cally charged fram a pH 4.5 acelute buffer is considerably higher than :
that charged from a sulfate solution of comparable pH and ionic strength.®

Role or Hydrogen Promoters i

A number of species have the effect of increasing the kinetics
of the hydrogen entry into iron, steel, and ferritic alloys. The sig- i
nificant feeture is that, in many ceses, very small additions cf these -i
substances bring about a substantial increase in the hydrogen entiry
kinetics. The generic terms "cathode poison" and "cathodic promoter" -
are applied to these species because they are said to poison the evolu-
tion reaction and therefore pramote hydrogen absorption.

Preminent among the species which have been found to pramote ;
hydrogen eniry are certain compounds and elemental forms of Group V-A -i
and VI-A elements of the Periodic Table. These are phosphorus, arsenic,
antimony, and bismuth (V-A); and sulfur, selenium, and tellurium (VI-A). :
Other species which increase the hydroge:a permeation are the halide ions -
in acid solution, cyanide ion in alkaline solutions, and the aromatlic
hydrocarbon naphthalene. Under some circumstances salts of heavy metals,
such as mercury, tin, and lead, have been reported as enhancing hydrogen !
entry.

In surveying the above list of prcmoter species, certain
properties common to &t least a nmumber of them are noted. These common
properties suggest ways in which the species might act to promots
hydrogen entry. Jons such as iodide, sulfide, and cyanide are known :
to adsorb strongly to metel surfaces., Many of the promoters form stable
hydrides such as Hp3, HaTe, H-Se, PHz, AsHz, and SbHi. In elemental
form As, Sb, Bi, Hg, Pb, and Sn have bery low exchange current densities .
for the hydrogen evolution reaction. Another property, which is quite 3
relevant here, is thal these promoter species in certain forms are e
extremely toxic to biological entities (cyanide, arsenic compounds, ‘
Hs5, 4, o, aud Hg). !
Our purpose here will be to review significant details of the
experimental circumstances under which these promoters act and to what
extent they act. Then, we will use this information as a basis for
mechanistic arguments.

Smialowski's work on Group V and VI promoters

Smialowski and colleagues**»!’ measured the elongation of
iron wires charged with hydrogen in the presence of pramoters. Elonga-
tion is proportional to the amount of hydrogen absorbed. The elongation
of an iron wire ccil is an even more sensitive measurement, since the
dilated metal lattice tends to increase ihe radius of curvature which
causes the increase in length of the coil, Smialowski snd Szklarska-
Smialowska were able to get an elongation of more than three times the
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original coil length for an iron coil charged ir. 1¥ Ho504 at a current
density of 18-36 mA/cm” at 20°C with arsenis addltions (a8 Asz0a) to the
solution. These Investigators performed similar exporiments with the
other elements of Group V-A and VI-A and made the correlation between
coil elongation and periodicity as shown in Fig. L. &s, Sb, Bi, Se,

and Te were added as the oxides; S was added ss H-Y; and P as PH,.

S and P added in higher oxidation states (as $0% and PO3) were ineffec-
tive in causing increased hydrogen absorption bLiccause of the high sta-
bility of these cawpounds even in the presence of the reducing potential,
Because the form of the elemeut appearing to ceuse the hydrogenation of
the coil was either the hydride or a compound easily reduced to the
hydride, these investigators concluded that the hydride form of the
poison was & necessary condition for hydrogenation. When the data of
Fig. 3 are calculated on an intensive basis (elongation per atom H) the
order of effectiveness is

S>P>As>Se>Sb>Te> Bi,

which is nearly the same as the stability of the hydrides (the higher
the binding force, the more stable); i.e.,

S>P>Se>As >Sb.

This listing also compares with the values of the stendard redox potentisl
for the elements and their hydrides (Table IV).

In another series of experiments!® these investigators showed
that adding the cathodic promoter to the solution during the charging
(instead of already having it in solution) greatly increased the elonga-
tion of an iron wire. They used As;0as and thiourea, which hydrolyzes
to HaS.

Because iron wirce specimens which underwent torsion straining
during cathodic polarization in H,S504 with a small As-045 addition
(5.7 g As/ml) did not show & loss of ductility until they were polarized
te potentials more negative then about -O.4 Vg, Angerstein-Kozlowska”©»”

concluded that arsine formation was necessary for causing enhanced
hydrogenation and therefore embrittlement of the specimen. This poten-
tial corresponds to the reversible As/AsH; potential.

1

A further demonstration of the dependence of the efficacy of
the promoter on pH was made recently by Smialowski.?? He hydrogen-
charged a rotating disc electrode of a ferritic Fe-5% Ni alloy below
and above the limiting current density achieved in 0.1N Na-S04 acidified
to pH 2.6 under static conditions. He found that the permeation rate
was drastically reduced near iy when Se0, or thiourea was used as

poisoners but that the permeation rate remained essentially independent
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Table IV. Values of E§ for Hydrogenation Promotion
Elements (From Pourbaix)*®

___ Group V-A Group VI-A
P/F, -0.110 Vg S/HaS +0.171 Vi
As/Asts -0.680 Se/HaSe -0,369
Sb/SbHg .=0,510 Te/HoTe -0.717

Bi/BiHga -0.800

of current, even above Iy, when A5 0a or Sbp0as was employed. As ip is

approached, the solution near the surface beccmes more alkaline and the
hydrides H5S and H-Se become increasingly unsgtable, whereas AsHs and
SbH; are stable over the whole range of pH.

Shreir's work on Group V and VI elements

Newman and Shreir“® investigated the phenomenology of promoter
additions to the charging solution. They measured the hydrogen content,
in a vacuum-normalized high-strength steel (KX 539). The steel speci-
mens were exposed to solutions containing cathodic promoters at a cd of
0.5 mA/cm® for 2L hours to ensure saturation. In order to measure the
permeation over a numbeir of pH's, they used a variety of solutions.

The soluticns were previously deaerated with N., but were kept stagnsnt
during the 2L-hour charge so as not to drive away any volatile hydride
that might form on the polarized steel electrode. The hyarogen content
of the charged steel was vacuum extracted at 300°C, The amount of
hydrogen entering was proportionnl to the concentration of poisoner in
solution up to some critical concentration value beyond which the
hydrogen content was independent ot increased concentration (for the
cuse of P, 5, Se, and Te) or fell off slightly (for the case of As).
This critical concentration was independent of p'' e promoters were
added as NaAsO-, Nao-S5e03, Na,TeUs (these are reuuccu to the hydride
electrochemically), and Na-S and CasP, (these hydrolyze to form the
hydride).

The pH dependence of the hydrogen content for As as the
poisoner was slight, while the other elements showed sharp maxima,
This effect is shown in Fig. . Even in solutions with no poisoner
present a maximun in hydrogen content was observed at a pH of about 2.
Thus, the authors coucluded, water itself is a catalyst for hydrogena-
tion.

The authors concluded from their data that the hydride phase
is the one responsible for increased hydrogen entry. The bases for
this are as folilows:
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Fig. 5. Effect of pH on the Efficacy cf Various Promoter
Elements in the Hydrogenation of Iron Specimens
(fram the work of Newman and Shreir®?)
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(A) Asls is stable at all pH values and therefore pH should not
greatly affect the polsoning effectiveness of As. Likewlse, PHj is
stable at all pH values. Although P did show a loss of effectiveness
at the higher and lower pH's, this effect may be attributed to the
formation of PHz from the subhydride (assuming the subhydride forms
first and is a more effective poisoner);

PoHe + 2H(ads) » PHg .

(B) For the Group VI-A elements, S, Se, and Te, their hydrides
ionize according to the general reaction

HoX —» HY + HX~
and

HX™ — H + X" .
Thus, as the pH increases the dominant species will be in the sequence
HoX - HX™ = X7 .

Assuming that H,-X is a better poisoner than HX"™, which in turn is better
than X©, the effectiveness of the element as a poisoner should fall off
as pH increases. The assumption of the relative effectiveness of the
above species is made considering that neutral H-X will more readily
adsorb to the negatively charged electrode than will the anions., At

pH 6, HS~ begins to daminate. This compares with the pH 4,5 above which
the effectiveness of the poison sharply declines.

(C) In order vo explain the loss of effectiveness al very low
PH's one would have to assume that in the competition for adsorption
sites Hs0" would dominate over the promoter hydride, The effect of
water and its ionized species H30+ and QH™ shows that these can act as
weak hydrogen promoters. Of course H-O is anslogous to H-S and OH™ to
HS~; and, therefore, when H. and H' are adsorbed on the surface the
adsorption of the H(ads) is slightly greater than when Hz0' completely
dominates at low pH or at high pH when H-O and OH- are present.

The conclusion frcocm this paper corcerning the relative
eZfectiveness of the poisoners compared to one another at the condition
corresponding to maximun hydrogen saturation in the sample (critical
concentration of promoter - Table V) shows the order to be
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Table V. Values of Promoter Concentrations at Which Maximum
Rydrogen Saturation is Atteined in High-Strength
Steels (Data Taken from Newman and Shreir<2)

Critical Concentration pH at Which

of Promoter [H]sat Maximum Saturation PH at Which
ng/al umole/ml  (ppm) Occurs H-X/HK™ = 10/1
S 60 1870 33 k.5 ©
Se 3 38,1 20 2. 3
Te L5 5850 16 1.8 2.2
P 70 2170 23 3 -
As 1 13.4 12 2 -

S>P>05e>Te >As,

which is in decreasing order to their bond strengths and binding energies
of the hydrides. However, if one tabulates the critical concentration
of promoter required to attain the maximum hydrogen absorption for the
respective promoter and couverts the concentration to a mole basis, it

is apparent that a mole of As or Se in solublion is more eflective than
the other elements., These calculations are presented in Table V.

Radhakrishnan and Shreir!! investigated the specific effects
of Group V and VI element additions to electrolytic hydrogen charging,
utilizing the Devanathan technique.® Their charging solution was
0.1N H>504 snd the solution at the exit side was O.1N NaOH. Thin
samples of shim steel {low carbon) were used as the membrane. The
variation in the steady-state permeation current as a function of the
charging current density for the various promoters is shown in Fig. 6.
For arsenic (added as NaAsO.) a linear relationship between ip and the
square roov of i, obteins. Deviation from this behavior occurs for Se
and Te additions. Arsenic is the most effective of the poisoners
studied. The dsta depicted in Fig. € were obtained from the concentra-
tion of promoter which caused the greatest permeation rate. The linrear
behavior observed for As seems to indicate that the coupled discharge-
recombination reaction (Table II) holds.

To test the hypothesis that arsine formation was necessary
for enhanced permeation, the authors produced arsine outside the
electrelytic cell conteining the steel membrane in O.IN H.SO4 and
bubbled it into the cell., No increase in hydrogen permeation resulted.
The following order of effectiveness was established (unit weight basis
of comparison):
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As >Se>Te>S > Bi. .

The fact that sulfur did not enhance the permeation, as might be expected
from the stability of its hydride, and that AsHs added to the solution
did not increase the permcation rate suggests that the formalion of a
pramoter hydride may not be necessary in all cases to promote hydrogena-
tion. Matsuda and Franklin®? were able to increcase the amount of
hydrogen absorbed by iron wires in 2N NaOH with addition of Na.S when

the concentration of the latter was greater than 107>M, The amount of
increase was not large compared to the effect usually noted for scid
solutions containing sulfide. Some of their results are shown in Fig. 7.

With regard to the role of electrochemical potentisl on the
efficacity of promoter species, it is well known that sulfides increase
the hydrogen entry at the corrosion potential of steel in acid media,
potentials at which H.S is thermodynamically stable. For instance,

Kim and Logirow > rermeated hydrogen through high-strength steel without
applied potential to the surface exposed to an acetic acid-sodium
chloride snluticn saturated with H-S. Radhakrishnan and Shreir!! noted
that sulfide increased the background current in their eleclropermeation
cell,, this increase being due 1o a greater hydrogen entry rate at the
corrosion potential.

Werk at the 081 Corrosion Center on arsenic

From experiments performed in our own laboratory, when hydrogen
was permeated into carbon steel specimens from solutions containing
NaAsO,, the effectiveness of the arsenite in promoting hydrogen entry
depended on the electrochemical potential maintained at the charging
surface.l> One way of illustrating the effectiveness is by caiculating
the permeaticn efficiency which is the ratio of the stcady-state perme-
ation current density to the total cathodic current. Figures ¢ and 9
taken from this work show the significant increase in permestion
efficiency in the presence of arsenite at certain applied potentisals.

In a general way, the permeation efficiency decreases as the potential
is made more active tcr promoter-free solutions, although the permecgtion
rate itself increases with cathodic polarization. To a first approxi-
mation, permeation depends on the surface coverage, 3, of hydrogen
atoms which increases with cathodic polarization, The recombination
process which competes with permeation depends on 6. Thus, a smaller
percentage of the available hydrogen enters the metal at large cathodic
overpotentials but because the total current ig large in this region,
the permeation current is high.

When arsenite is present in the solution, permeation of
hydrogeun is suppressed at the corrosicon potential. In the potential
region of 100-300 mV cathodic to the corrosion potential, the permeation
rate and the permeation efficiency from arsenite-containing solutions
are less than those for the poison-tree solutions. In this polential
range, reduction cf arsenite 1o elemental arsenic is occurring. Thus,
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arsenite acts as an inhibitor of the HAR at the corroslon potential and
at small cathodic overpotentials. The extent of this inhivition dewends
on the arsenite concentration. As the concentration increases, s grealer
cathodic overpotential must be applied before hydrogenation of the
specimen occurs. Once the steel specimen is sufficliently cathodically
polarized, however, both the HER and HAR are accelerated. The perme-
ation efficiency increases and reaches a naximum; & decrease in the
permeation efficiency follows, as in the arsenite-free solutions.

Figure 9 (curve 4) shows the effect of pre-deposiling a thin plate of
arsenic on the surface of the steel sample. The behavior is like that

of the arsenite-free solution but the overall efficiencieg are higher,
The greatest permeation efficiencies take place when arsenic and hydrogen
are co-reduced and this occurs at modest cathedic overpotentials.

The co~-existence equilibrium potential between As at unit
activity and AsHs st a fugacity of 1077 atm is indicated in Figs. 8
and 9. From some of the work previously cited, it weas concluded that
formation of the hydride phase was a necessary condition for enhance-
ment of the entry step. The particular value of 10~ atm for AsHi was
established by Angerstein-Kozlowska™ who found that iron wires were
not embrittled (torsion test) until the potential was madc more negative
than this co-existence potential. In the above figures it appears that
significant hydrogen entry occurs before formation of arsine so that
elemental arsenic or arsenite may be the species responsible for the
effect. Solid arsenic sub-hydrides have also been reported.c It is
reported thal the currenl efficlency in produciiy AsHa eleclrociunlcaily
from As is only 1-2% in acid solulion. This means that the reaction
requires considerable overpotential before much arsine evolution
oceurs.®’ Other studies have also revealed very little arsine formation
in spite of very negative potentials, 8~V Thus, 1he presence of arsine
may not be necessary for effecting hydrogenation in all cases involving
arsenic compounds as poisons.

Corrosion-inhibiting properties of promoters

Hudson and Stragand‘* demonstraled the significance of arsenic
campounds acting as inhibitors for the HAR as well as the HER and hence
the dissolution reaction of the metal. Al exlremely small concentra-
tions, arsenic (added as As-0s;) accelerated the corrosion of a mild
steel in a 2N H-~80., pickling bath. At a concentration of L ug/ml the
corrosion was inhibited and thus the HER. At concentrations of 8§ pg/ml
and greater, absorption of hydrogen was inhibited. The high sensitivity
of the HER to the concentration of arsenic suggests two opposing tenden-
cies. Increasing the i“ for the HER accelerates the reaction. Adsorp-
tion of some speciec influences the adsorption of hydrogen, tending to
increase the overpotential of the HER., Presumably, the first effect
occurs at the lowest concentrations perhaps by an increase of the H+
concentration in the double layer. Greater concentrations of arsenite
in solution result in adsorption of AsO> or in its reduced form as
elemental As,
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Influence of Group V and VI elaments
on polsrization behavior

Polarization curves illustrate the corrosion-inhititing
properties of arsenic-containing solutions. The polarization curves,
shown in Fig. 10, indicate that the ancdic kinetics as well as the
cathodic kinetics are greatly decreased. The HER is the principal
cathodic reaction because the small concentration of promoter in solu-
tion dictates a small limiting current for the reduction of AsT™ to As©
However, the HER is suppressed until the potential is made several
hundred millivolts cathodic. According to one explanatlon, the i% for
the HER on metsllic arsenic is much smaller than that on iron (= 107
A/em” compared to 107% on Fe).®% This increase in the overpotential
increases the chemical potential for the adsorbed hydrogen, thus driving
a larger fraction of it into the metel., Additionally, adsorption of
the reduced arsenic interferes with hydroger atom recombination. The
S-shape of some of the polarization curves is indicative of adsorption
effects.

Beloglazov®® carried out a systematic investigation of the
polarizatior behavior of promcter corwpounds added to Q.1N H»S04. In
Fig. 11 the cu.ves are grouped into two classes, those which generally
decrease the cathodic currents (As and Sb) and those which generally
incresse the cathodic currents (Se and Te). All of these promoters are
added in an oxidized form so that reduction to the elemental phase or
to the hydride occurs along with the HER. These are depcsited on active
parts of the polarized specimen, followed by HY discharge on the parts
of the electrode covered by deposits of the promoter elemeuts. The
elecoron work fucction is less for As, Sb, Se, and Te than for Fe, thus

favoring the discharge step on areas covered by these elewents. Chemical

or electrodic recambination of hydrogen adatoms occurs preferentially
on the iron surface because the iron-hydrogen bond is less than the
As-li, Se-H bonds, etc. For the smaller values of M-H bonds less activa-
tion energy is required to desorb and recombine the hydrogen adatoms.

There sppears tc be some confilicting explanations attachcd
to the iufluence of the promoter species on the shape of the polariza-
tion curve. For transition metals like iron, according to Bockris and
Conway,”? as the work function of the metal increases, the exchange
current density of the HER decreases (and therefore the "hydrogen over-
potential™ for a given current density). All of the promoter elements
examined by Beloglazov have lower work fuuctions than iron. Thus,
these elements should decrease the overall HER kinetics on iron.
Arsenic and antimony behaved in this fashion. On the other hand, if
the metal-hydrogen bond energy is increased, the heat of adsorption
for hydrogen is increiased (in the sense that it becomes more exothermic),
As a consequence, the overall LIER kinetics are accelerated and the
hydrogen overpo'.ential at a given current density is decireased.
Selenium and tellurium (at some potentials) behaved in this manner.
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Adsorption effects of pramoter elements

Adsorption of specific molecules or ions occurs near the
potential of zero charge. In the absence of all adsorbable subsiances
the Epzc for iron is about -L0O mVSHE'Sq Thus, the Epze is slightly
cathodic to the corrosion potentiasl of iron in acid solutions. Adsorp-
tion changes the shape of the electrocapillary curve (potential vs.
surface energy) so that Epzc is a function of the nature and concentra-

tion of the adsorbed species.

Adsorption effects change the course of polarization curves
by adding an overpotential-type teim due to the crestion of the modified
double layer.”® Symbolically, for cathodic polarization,

-RT ic

. Q
R Gy Y i, * (l - a)b ’ (&)

where | is the potential change of the metal due tc the adsorbed species
and has the same sign as the charge of the adsorbed species. Thus,
adsorption of anions increases the cathodic overpotential. The sign

of ¥ for overall neutral molecules depends on the unequal charge distri-
bution occurring among its compeonent parts. The increase in overpotential
results in S-shape polarization curves.

For comparison, the polarizability of a species is a useful
index for ascertaining the adsorption tendency. The polarizability is
a measure of the deformability of the charge distribution when the ion
or molecule is placed in an electric field such as the double layer.
Species with high polarizabilities respond more readily to the electric
field and form a dipole with the surface metal atoms. The charge
arrangement in the dipole tends to oppese the field.

The following Table gives some polarizabilities of species
that are of inileresi, in the hydrogenavicn of metals. The informetion
is from West, who in turn collected it from various references, °

One sees from Table VI that anicns are by far the most
polarizabie type of species and that cations are relatively weakly
p-larizable. This is consistent with observatizn that cations are not
strongly adsorbed. Species more polarizable than water will tend to
displace the latter when present in aqueous sclutions.

Hydrides in gas phase hydrogen charging

If the hydrides of promoter elements are the form responsible
for accelerating hydrogen entry, these hydrides ought to be effective
in the gas phase, Experiments conducted by bombardment of H atoms with
and without the presence of H.S are summarized below. Specimens of
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Table VI, Polarizabilities of Some Ions and Molecules of
Interest in Hydrogenation of Metals

Polarizability Polarizability

3 Species (ew® /mole) Species (cm” /fmole )
22 S0% 2.9
3 19.1 NO3 3.6
HS™ 13.3 Cl0a 3.3
Br- 12,5 F- 2.6
c1- 8.9 NH3 5.6
CNS~ 8.6 H,0 3.7
CN- 8.4 pptt 9.3
0~ 7.7 Xt 2.5
OH~ 4.9 Na® 0.5

i Bed Bw e BEE BEN W L R
-
[ I |

Armeco Fe were exposed to the electrodelessly discharged H gas at room
temperature and 0.1 atm pressure. ‘Ihe permeaticn of hydrogen was
reasured. In addition the hydroge: was partislly ionized in some
experimemts and this had a substantial influence on the permeation.
The resulits, using two specimen thicknesseg, are given below.

v, oy R i T SR A T Py T

Table VII. Steady State Permeastion Rate of Hydrogen through
Armco Fe Bombarded by H Atoms (from Palczewska
and Ratajczykowa’®)
Species at
Interface Thickness = 0.078 cm Thickness = 0.032 em
H 1.3 x 10°¢ 4,6 x 10-8 i
H + HoS 0.1 x 1078 2.5 x 10-7 '
; Bt 2.1 x 1077 3.3 x 10™®
i H™ + HoS 2.6 x 1078 6.5 x 107© 1

Permeation values are expressed as cm®H/cm® surface-second. As
expected, the permeation values are greater for the thinner sample.
Addition of H.S (concentration 0.2 mole %) increases the permeation
rate several-fold, buft the most notable increase results when protons

g Guwy Guwed Povdé sl S Buni e Jowd
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are present. Also, H.S increases the permestion rale in the presence
of protons, These resutts indicale not only the efficacy of H:S in gas
phase charging, but also the importance of hydrogen entry as protons.
Because H.-S catalyzes hydrogen entry from protons, it appears that H-S
may hinder proton-clectron combinution as il does atom-atom combination.

Other promoter species

When cyanide ion was added to a NaOH solution, the poteatial
of the metal changed some 200 mV in the negative direction because of
preferential adsorption of CN~.®" This adsorption was verified by
using C, 4 tracer in the c¢yanide. The characteristics of the surrace
concentralion of cyanide as a fraction of the bulk concentration led
the investigavors to conclude that adsorplion followed a Tenkin or
Freundlich isctherm; that is, the enthalpy of adsorption decreased with
coverage of cyanide iun. The activation energy for cyanide adsorption
increased with concentration. These two effects (decreamse of Hagg and
increase of Ea) would tend to decrease the tendency for further adsorp-
tion. This effect is important with regard to hydrogen entry becausec
if the surface were complstely covered, hydrogen-ion reduction would
not occur. A subtle interaction between CN- and H as adsorbates is
required for enhancing entry of the latter. Desorption of cyanide
occurs if the specimen is polarized more cathodically, but this is a
slow and irregular process. Similarly, Bockris et Ei.g found an
increase in the hydrogen permeation rate for hydroxide solutions con-
taining cyanide.

Bockris et al. found that KI additions to O.1N H.-804 signif-
icantly increased the hydrogen permeation cuirrent in Armco iron speci-
nens. The yrermeation rate increased at a given potential with an
increase of the iodide concentration. The permeation current varied
with the square root of the charging current in the same way as reported
for arsenic.® From Table VI, iodide has a large polarizability and
would be expected to chemisorb readily.

These same authors found a permeation current increase when
naphihwlene, an aromatic hydrocarkon, was added to sul furic acid
solution. Fowever, the effect was not as large as for the above
promoters because of the small sclubility of naphthalene in water.

Eisewhere it is reported that lead, mercury, and tin salts
act as hydrogen promoters.''s "’ These elements are co-reduced along
with hydrogen during cathodic charging. 1In some cases they are reduced
spontaneously as a displacement reaction with ircn., Their effect as
promoters is generally much smaller than the other species (Group V
and VI elements, cyanide or iodide).

Hydrogen Entry Inhibiting Species

A fevw substances, when added to solution, substantially reduce
the entry rate of hydrogen. The organic nitriles, as a class, have
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this property. Some results obtained by Bockris et g;.g where they
added various concentrations of aliphatic nitriles (valeronitrile ~
CH3(CH-)aCN) and arcmatic nitriles (benzonitrile C HsCN and naphthonitrile
C1oHCN) to 0.1IN 1ixS04 are shown in Fig. 12. It is interesting to note
that by itself naphthalene promotes entry as does cyanide ion. Else-
where, acetonitrile is said to decrease hydrogen absorption.?? These
molecules probably adsorb vertically thereby restricting the uccess of
hydrogen ions to the surface, the nitrile group being closest to the
surface. Evidently, comparison of the adsorption characteristicg of
these molecules with those that promote hydrogen are important mecha-
nistic clues. Dibenzyl sulfoxide is reported to be an effective
inhibitor of hydrogen entry.*® Some strong oxidizing species tend to
discourage the HAR. The weak absorption effects in nitric e&cid have
been previously noted. Chromate is also believed to lower the absorp-
tion rate of hydrogen, and dissolved oxygen msy act similarly.

Effect of Strain

The effect of applying a uniaxial tencile stress to an Fe
specimen during cathodic hydrogen charging has been investigated by
Beck et 51,35 The effect of tensile strain increases the concentration
of absorbed hydrogen because of dilation of the interstitial lattice
s sites where hydrogen lodges. The diffusivity of hydrogen did not
change from the unstressed to the stressed condition so that the
increase in permeability measured by these authors was due to the ;
increase in solubility. From simple elasticilty theory, the concen- ‘
tration in stressed material is given by

Cq = Co exp(60°V/2YRT) , (9)

where C, is the concentration under tensile stress ¢, C; is the concen-

tration in the absence of stress, V is the molar volume of iron, and Y
is the yield stress. The factor 6 comes from the coordination of
octahedral interstitial siles and the tcrm o°/2Y represents the elastic
strain energy. When sheet specimens of high-strength steel were sub-
jected to a static tensile stress during hydrogen charging, the increase
in concentration measured during the experiment agreed closely with the
result predicted from the above equation, 1

A

With regard to the promoter species, the presence or absence :
of these substances seems to be less important during dynamic straining. .
The work of Smisiowski illustrates this point.®? 1n these experiments i
he twisted wires in situ until fracture and defined an embrittlement
index F = (n - nyg)/n x 100, where ny is the number of twists needed to

fracture the hydrogenated specimen and n is the number of twists needed
to fracture a non-hydrogenated specimen. 1In Fig. 13 taken from this
paper, the effect of Asy0s or Sel, additions to H..804 increased the
embrittlement of 0.564, C steel wires only slightly. In static
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experiments, the presence of these compounds increases the hydrogen
entry envrmously and consequently the embritilement tendency. The
maximum embrittlement in the torsion experiments occurred near the
static-limiting current density and the subsequent decrcase in the
embrittlement index at current densities beyond this value may be due
to alkalinization.

Similar effects were noted when torsion-strained suslenitic
stainless steel wires were exposed to soluticns containing poisons and
without poisons, The embrittlement index for this steel was lower than
that for the plain carbon steel.

The comparatively small increase in the cmbrititlement index
in the presence of poisons svggests that slip bands form more rapidly
than adsorption of these compounds. Thus, hydrogen entry takes place
largely on uncontaminated and abundant fresh surfaces without benefit
of the catalytic properties of the poisons.

Further Discussion on Mechanism
of Promotion

Unfortunately no clear-cul general explanation can he given
as to why certain species act as hydrogcnation promoters., A number of
possible considerations are offered and discussed below,

(A) Adsorption strength of the species

Unguestionably promoter species are intimately attached
to the surface but the question is why do some and not all strongly
adsorbed species promote hydrogcn entry. Obviously size and geomelry
of the adsorbed species determine the availability of other sites for
hydrogen discharge and recombination., If coverage by the adsorbed
species is nearly complete, ther all cathodic reaclions are inhibited

4 . n 3 AnT Vir ~radninnA My sorn P aana
and beth the ER angd HAR rales are drastically reduccd. Therefore,

promoter species are operative when their surface coverage is consider-
ably less than unity.

The rate ot hydrogen sntry is expressed as kgx, where
x is the fraction of surtface not covered by the promoter species, and
the rate of hydrogen recombination by krsr, where p is the probability
that adjaceni sites are uncovered by poison., As the probability factor
drops, enlry is favored over recombinaticn. BEvidently, there is an
optimum coverage factor for the promoter with regard to its effective-
ness. If the coverage is too Ligh, the eniry rate is low lLecause rew
sites remain for hydroge. wdsorpiion. TIf the coverage is too small,
the entry rate is low because the vrobability of adjacent hydrogen
adatoms is high. These effects are noted in Newman and Shreir's and
and kadhakrishnan and Shrier's papers where certain concenteations of
promoters produce maximum absorption or permeation contents.
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The geometry of the adsorbed species affects its ability
to promote. Vertical adsorption of large molecules (organic nitriles)
hirders the approach of hydrogen ions to the surface. Likewise, the
geometry of the adsorption pattern is important. It large gaps of
uncovered surface are left between adsorbed molecules, hydrogen atoms
can adsort and recombine in these gaps.®?®

(B) Structure of the double layer

Specific adsorption changes the siructure and composition
of the double layer., Vertical adsorption of large organic molecules
may hinder hydrogen approach by increasing the ihickness of the double
layer with respect to the same molecules adsorbed horizontally. If
adsorption increases the concentration of hydrogeu ions in the double
layer, hydrogen erntry may be pramoted. With regard to the double layer
in jits diffuse sense, adsorption of the promoter molecule would be
positive end against the negatively polarized metal with the negative
end of the molecule attracting hydrogen ions.

(c) Surface and bond energy considerations

Aronments have been offered proving that lowering of the
metal-hydrogen bond energy in the presence of promoler species acceler-
atcs the HAR, On the contrary, arguments asserting an increase of
rromotion effect by raising the bond energy have also been made. The
key idea is nnt so much the metal-hydrogen bond ensrgy per se, but,
rather, its effect on the activation energy for the desorption (recom-
bination) step or the absorption step, these last two being competitive.

Tre essential concern is that the metsl-hydrogen bond
influences the heat of adsorption;

U~
o
~—

Mggs = 2By - Ey.y»

where Ey_y represents the metal-hydrogen hond end Ey y the hydrogen-
hydrogen bond. A more exothermic AH increases the extent of adsorption
and entry should be enhanced by the higher concentration. Therefcre an
increase in the metal-hydrogen bond energy (in the algebraic sense)
should promote entrv. On tane other hand, McBreen and Genshaw® advanced
the idea that a lowering of the bond energy, {(that is, a decrease in
the algebraic sense) increased the activation energy for recombination,
thereby promoting entry. Their argument was vased on the slope of
potential rmergy-distance (Mcrse) curves.

The presence of strongly adscrbed molecules mgy disturb
the bonding between metal atoms so as to decrease Lheir cohesiveness.
Pertuwrbations suech as this may then increase hydrogen entry by increas-
ing the lattice interstices near the surface. Thus, the hydrogen
entering these expanded regions cf the lattice would encourter less of
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an activation barrier. From diffusion considerations of hydrogen in
iron, the activation energy asscciated with this process is expansion
of the interstitial site for accummodaling the larger hydrogen atom,?>®
Furthermore, the strong adsorption wmay create defects in the metal.
Hydrogen atoms have a strong attraction to dislocations, for example,
and an increase in the dislocaticn Censity near the surface may locally
increase the entry rate.

(D) Unigueness of the promoter hydride

The most pronounced effects for Group V and VI elemenis
apoear most generally where the hydrides of these elements are stable.
These hydrides appear to adsorb strongly and compete with hydrogen for "
available sites. Adsorption of the hydride phase can result in an
increase in the surface concentration o hydrogen by such a scheme as

ZM + AsHa — MAsH, + MH.

The experiments cited on charging from the gas phase emphasize the

uniqueness of the hydride phuse in calalyzing the hydrogen cntry.t™ -
However, in a few cases involving As at potentials more positive than
that corresponding to AsH» formation and S at alkaline pH's, enhanced
entry occurred despite the lack of a stabile lrydride thase.

(E) Electronic structure considerations

Because the hydrogen absorption characterictics change
from one traensition metal to ancther, it is believed thruat the electronic -
structure, and in particular the d-electron band, influences signifi-
cantly the solubility of L rdrogen. Platinum, palladium, aud nizkel
have higner hydrogen solutiiities than iron. These first metals have
a greater ¥, of d-band character to the bonding. The cohesiveness of
the metal is related to the metal -hydrogen bond energy by

N 1 .
EMel = 5 (EM—M + EH-H) + ionic term. (11)

An increase in Ey_y increases Ey.y. The preatest cohesiveness is found
in the middle of the transition group (Group V and VI). The cchesive
properties decrease in going from these groups through Group VIIT. The
role of promoter species may be to increase the electron density of
atoms near the surface. As a group the vromoters are electron rich

and may, for exanple, make "promotea" iron more electronically like ‘
nickel. 3

time & e o L el
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(F) General sense of yoisoning action

The poisoning effect of the species described above has
perhaps scme relationship to poisoning in the biological sense.® Many
of these species are extremely toxic. If many life processes occur by
E electrochemical mechanisms, the presence of "poisons" may encourage the
breakdown of large molecules or prevent the combination of elementary
entities such as nascent hydrogen end possibly oxygen. It is interest-
' ing to point out that, depending on the concentration, poisons can
accelerate or decelerate reactions like the HER and this effect may be
akin to the exhilarating effect of taking tiny doses of arsenic and the
g deadly effect to taking too much.

ROLE OF MFTALLURGICAL VARIABLES ON THE HAR

The metallurgical structure end composition influence ‘the solubllity
of hydrogen, In general, it is difficult to assess the solubility with-
out taking into account the diffusivity. The product of solubility and
diffusivity is the permeability. This last entity in the quantity is
usually determined experimentally.

The solutility, diffusivily, and permeability are strong functioms
of vemperature and follow empirical Arrhenius type equations of the
form

2
"

Agp”? exp(-Bc/RI),
Ap exp(-Bp/RT) , and (12)
ApeQKJ%ﬂE).

L}
il

Values of these ronstants are given in the following table for alpha
iron, & high-sveel, and an austenitic stainless steel. In particular,
one notes the hizh value of the activetion energy tor diffusion in the
austenitic material compared to the ferritiec. Af rcom tempersture D
in austenitic stainless steel is svout 107*¢ cm®/sec compared to

10°° cmg/sec for pure iron. On the other hand, the solubility in the
austenitic structuce is much greater tlan in the ferrivic.

fuony  Puwt G DS}
s
1

Composilional Effects

especially with respect tc the compositioanal variable and how it
influences permeability, diffusivity, or solubility.

Iron-chromium allcys

The permeation of Fe-Cr alloys was investigated by Bockris,
Genshaw, end Fullenwidgr.® The permeation current increased with

I' The purpose of this section is to present some cf this work,
! increasing temperature but decreased for increasing chromium content
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Table VIII. Value of the Constants in Expressions for
Concentration, Diffusion, and Permeation
of Hydrogen in Iron and Iron-Base Alloysi®

Materials Ac Ay AP B, By By

Alpha Iron 345 x 1079 2,33 x 107% 8.0% x 107 27.6  6.68 3h.3

L4130 Steel 2.29 x 107° 3.56 x 107% 8,17 x 107% 27.2 7.95 35.2
Quenched and
Tempered

304 Stainless 8.6 x 10°®  2.72 x 107° 2.34 x 107 9.6 sh.4 84,0
Steel

unics: A. (complicated) B, (kcal/mole) C (moles/cm®)
Ap (cm?/sec) B, (kcal/mole) D (cm?/sec)
Ay, (moles/cm” -sec) B, (kcal/mole) P (moles/cm”-sec)

I (Newtons/m™)

at a given temperature. Diffusivities and solubilities were calculable
from thes- data by analysis of the permeation current transients. It

was found that the diffusivity fell off sharply as the chromium content
increased, a 24% Cr alloy having a diffusivity o. less than 1/100C that
of iron at room temperature. 7The hydrogen solubility increases with

the chromium content at a given temperature. Tnis panel shows how the
combined effects of diffusivity and solubility determine the permeability.
Although the solubliity increascs sharply waith incresged Cr in the alloy,
the diffusivity drops more abruptly, and, therefore, the permeability
decreases an order of magnitude or so.

Iron-nickel alloys

Beck el al %1 peasured the hydrogen permeation in a series or
iron-nickel alloys and found that the solubility increased and the
diffusivity declined sharply with incressing nickel concentration. The
hydrogen nolubility increased more slowly than it did for chromium
contents, This is shown in the following nable.

Steels

The role of carbon in influencing the permeation, diffusion,
and solubility behavior in steels is not so clear, because the form of
the carbide ir significant. Thus, it is dif{icult tc sort out *he role
of carbon slone from the role of the steel microstructure. In liguid
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Table IX. Solubility of Hydrogen in Fe-Cr and

Fe-Ni Allcys at Room Temperature

Alloy Solubility (moles/cm™) (ppm)
Fe i.5 x 1078 0.12
Fe, 5% Cr 1.0 x 10™° 7.8
Fe, 12% Cr 2.0 x 107° 15.6
Fe, 18% Cr 2.5 x 10~ 19.5
Fe, 5% Ni 2.0 x 10-° 0.16
Fe, 10% Ni 9.0 x 1079 0.70
Fe, 15% Ni 1.2 x 1077 0.94
Fe, 20% Ni 3 x 1077 2.3
Fe, Lo Ni 7 x 107° Sh.5

iron, carbon drasticelly reduces the hydrogen solubility.*®
chemical tenaency ought to be operable in the solid phase; however,

this effect is obsgcured by the precipitation of carbon and subsequent
metallurgical effects of the carbide that affect the local solubility

of hydrogen (interfaces, strain tields, etec.).

The

same

It is the general conclusion that carbon reduces the hydrogen
permeation through stveel, regardiess of the form in which the carbon
appears. This is true at moderate temperstures, above 800°C the
hydrogen permcation increases significantly after an incubation time.
Decarburization by methione formation, which can ccur at these nigher
temperatures, is probably negligible at room temperatures.?™

Room temperature determinations of the diffusivity in low
carbon steels fall in the 1077 -10"° cn”/sec range®* as do those for
pure iron. Radhakrishnan and Shreir performed eleclro-perimsaiion
experiments on a shim steel (0.17%C) and found that the permeability
and diffusivity were lower for the steel than for pure iron (values of

the latter being 5.5 x 10™° em”/sec Tor the steel snd 1,4 x 10
tfor the iron, toth in the annealed condition),

49

j3)

cm” /sec

The electro-pennention of AISI L340 steel diaphiragns was
determined over the temperature range 10-75°C by Beck Ez_gl.ag
room temprerature diffusivity is 1 x 1077 mng/sec, much lower than the
1075 cw®/sec value of D for alpha-Fe.

Metallurgicsl Effects

Effect of amnealing end grain size

The

Kadhskrishnan and Shreir’® investigated the permeabilities
between iren in the as-received (cold-reiled) conditions and in the
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annealed condition. They found that the permeabilily increased for

pure Fe (spectrographically pure iron, 5 mils thick) in the annealed _
condition. Beyond the initial amnealing at 650°C for 1 hour there was .
ro noticeable change in the permeation rate for specimens annealed at

600°F for up to 7 hours, at 700°C for up to 5 hours, and at 850°C for i
4 hours followed by furnace cooling. The microstructure of the : 1
specimens showed grain growth with increased temperature and time at )
temperature. In the last condition the grains grew to the thickness .
of the specimen. Diffusivities calculated by analysis of the rise

transient of the permeation current (ionization of dissolved hydrogen -
at exit surface) yielded values of 1.4 x 10™7 om”/sec for annealing

at 650°C for one hour. Additional amnnesling time at this temperature

or at higher temperatures had practically no effect on the diffusivity -
(or on the permeability). Evidently the as-received cold-rolled condi- ;
tion has a tendency to trap hydrogen and the initial amnealing removes ' o
the source of the traps. . {

When these investigators performed the same experiment on . k
shim steel (0.17YC) they found that the permeation current was lower )
for the annealed condition than for the "as-reccived" condition, how- - ]
ever, the diffusivity of hydrogen was higher for the annealed specimen.
In addition these experiments show that in the annealed state the
ditiusion 1s principallsy through the latiice and that increasing the
grain size nas no effect on the permeability.

Effect of microstructurs .

The form in which the carbon is present is very important with . i
regard to the permeability. The results of three series of experiments
are presented below in Table X, Each of the investigations used a - g

different steel composition, but each one chosen was capable of being
heat treated to several structures. 7To aid in meking the comparisous,
relative permeabilities were calculated from the given data, vhich were
expresced in a variety of units. In all three cases the lowest perme-
ability was detected for the martensitic structures. 'Ihe bainitic
structures hud lower permsabilities than peerlitic sirictures but there
is a difference in the results for the coarse and fine varieties of -
each. The effectiveness of the anncaled ard tempered structures in
permeating hydrogen is generally higli. As a very general conclusion
from this, one could say that the more massive forms of carbicoe parti-
cles {spheroidite or globular cementite, peariite, certain tempered
carbides) offer considerably less resistauce. Martensite, in which the
carbon atons ave retained in a dilated and strained iron lattice affords
the most resistance tc hycrogen passage. Therefore, bydrogen perme-
ability tends to increase with increasing temperatnre of formation or
transformation of the microconstituent.

et i

7

Smialowski’” has found that the permeability of a steel is
much higher when the perceation is measured perpendicular to the direc-
tion of rolling than vhen the permeation is measured parallel to the
relling direction. 7Tuis indicates a probably importa t role of
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Table X. Permeation of Hydrogen in Steels Heat Treated
to Produce Various Microstructures

Steel Metal Relative
Investigator Used Microstructure Permeability
Nosyreval® 0.84% C Martensite 1
0.5% Mn Lower Bainite 1
Globular cementite 3.59
Troostite (fine, globular 3.91
carbides)
hnnealed steel L.78
Scrbite (growth of troostite) 7
Normalized steel 7.43
Baht and Lloyd*® 0.59% C Martensite 1
Coarse lamellar 1.57
Pearlite and ferrite
Very fine pearlite and 2.79
ferrite
Amioti® 0.2¢% C Martensite 1
0.25% Ni  Tempered Martensite 1.0h
(at 550°C)
Fine bainite 1,57
Cecarse bainite 1.95
Coarse lamellar pearlite 2.16
Fine lamellar pearlite 2.98
Spheroidite 3.25

Inclusions because the surface area of inclusions would be much larger

in the first case.

Effect of tempering

Using a Ni-Cr-Mo steel (0.13%C) that could be tempered to
different strength levels, Kim and Loginow®S showed that the hydrogen
permeability remained about the same during cathodic charging for the
four strength levels tested, while the hydrogen diffusivity decreased

as the strength level incresased.

This means that the hydrogen content

must increase with strength level and this was confirmed in a separate
series of experiments in which specimens were hydrogenated until satu-

ratici. These investigators used the electro-permcation technig.e, but

applied no external current to the entry side.
charged into the specimen at the open-circuit potential. They used an

environment on ihis side of a 3% NaCl, 0.5% CHsCOOH saturated with HaS.
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This environment is a particularly effective one for hydrogenation,
causing the specimens to crack when stressed well below the yield
strength. The following table summarizes some of the important results
of their paper:

Table XI. Hydrogen Permeation in a High-Strengph Steel
Tempered to Various Yield Strengths™®

Hydrogen Approximate Threshold

Tempering Yield Apparent Content at Stress Below Which
Temperature Strength Diffusivity Saturation Specimen Did Mot Crack
(°c) {ksi) (em” /sec) (ppm) (ksi)
550 150 6.3 x 1077 6.2 12
575 138 9.3 x 107 5.5 16
675 103 17 x 107 3.3 L2
700 95 30 x 1077 2.8 L6

They were able to estimate that of the total hydrogen content
shown in the table, about C.08 prm was hydrogen dissolved in intersti-
tial positions in the lattice. They assumcd that this value did not
change much with heat treatment, so that ihe concentration of "trapped"
hydrogen increased with the yield strength. The decrease of diffusivity
with yield strength underscores the importance of the trapping phencmenon
at these higher strengths, and the greater susceptibilily to hydrogen
cracking emphasizes that trapped hydrogen is indeed detrimental. The
aulhors noted that the particle size of the precipitate increased with
the tempering temperature while the nuwmber of particles decreased with
the result that there was more interfacial area in the high-strength
conditions.

A different conclusion was recached by Bolton and Shreir'™
who measured the amount of hydrogen absorbed by a tempered high-strength
steel and found that the hydrogen contents were higher for bthe specimens
tempered at the Ligher .emperatures (600°C compared te 200°C). They
found a difference in the polarization behavior of the steel lempered
at the higher temperatiure compared 'o Llhat tempered at the lower temper-
gture. Al constant applied currcn’ chere was an inerease in the cathodic
overpotential in acelate buffer pi. 4 soluticns for the ©00°C tempered
steel, while the overpotential dropped for iron, untempered martensite,
and the steel specimens tempered at 200° and 40O0°C. They concluded
that the entry rate was promoted by the higher overpotential. The
hydrogen content was due to these fa~tors: entry rate, interfacial
area between the carbide and ferrite, and the internal stress.
Evidently the steel tempered at the higher temperature had the highest




hydrogea content because of the first factor since the interfacial area
and stress decreased with softening.
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